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Preface 



The international workshop entitled New Trends in HERA Physics 1999 took 
place between 30 May and 4 June 1999 at Ringberg Castle, which overlooks Lake 
Tegernsee in the foothills of the Bavarian Alps, one of the most picturesque loca- 
tions to be found in the whole of Germany. The castle was built during the first 
half of this century by Duke Luitpold in Bavaria (Herzog Luitpold in Bayern), a 
member of the Wittelsbach family which ruled Bavaria over 800 years, and his 
friend Friedrich Attenhuber, an all-round artist, architect, and interior decora- 
tor. The castle is entirely their creation, from the massive Renaissance-inspired 
exterior right down to the fittings and furniture, which, in every detail, were 
designed by Attenhuber himself and executed by local craftsmen. Attenhuber 
also painted every single picture hanging in the castle. He found his models in 
the farmhouses around Lake Tegernsee. The castle embodies all trends of art 
and styles which dominated the first half of this century, combined with local 
Alpine originality and the individual creative power of its constructors. In ac- 
cordance with the Duke’s last will, the castle passed into the hands of the Max 
Planck Society after his death, in 1973. The castle was then transformed into 
a conference venue, where scientists can exchange their latest ideas and discuss 
problems with their colleagues from all over the world in beautiful surroundings 
and in a relaxed mountain atmosphere, high above the daily business activities. 

This was the second event in a series of Ringberg workshops on HERA 
physics, which started two years ago with the workshop entitled New Trends 
in HERA Physics. In fact, at the end of that workshop, many participants ex- 
pressed the opinion that this was a successful endeavour to bring theorists and 
experimentalists together in order to interpret the latest HERA data, and that 
it would be useful to organize a follow-up workshop in the same spirit. 

On the occasion of the 1999 Ringberg workshop, thirty-eight experts of 
elementary-particle physics, both theorists and experimentalists, from twenty- 
two universities and research institutions in ten countries congregated to present 
their latest results on the various aspects of HERA physics. Specifically, there 
were twenty theorists and eighteen experimentalists, the latter representing the 
HI and ZEUS collaborations at HERA and the collaborations at LEP and the 
Tevatron. The topics included: proton structure function; polarized ep scatter- 
ing; final states in deep-inelastic scattering (DIS), with special emphasis on jet 
production at low x, power corrections in DIS, soft particle production, and in- 
stanton effects; photon structure function; photoproduction of jets and hadrons; 
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heavy-flavour and charaionium production; elastic and dilTractive ep scattering; 
and new physics at HERA. We hope that the high-energy-physics community 
will benefit from these proceedings, in which the ongoing efforts in understand- 
ing the nature of the strong interactions, with particular emphasis on HERA 
physics, are documented. 

We wish to thank all our friends and colleagues who have contributed their 
share to these proceedings. We are indebted to the workshop secretary, Mrs. 
Renate Saffert, for her assistance before, during, and after the workshop. We arc 
grateful to Dr. Annette Holtkamp for technical assistance in the editorial work. 
The costs of catering and lodging at Ringberg Castle and the charges for the 
publication and dissemination of these proceedings were covered in equal parts by 
the Deutsches Elektronen-Synchrotron at Hamburg and the Max-Planck-Institut 
fiir Physik at Munich. 



Hamburg, Giinter Grindhmwmer 

November 1999 Bernd A. Kniehl 

Gustav Kramer 
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Inclusive Deep Inelastic Scattering at HERA 
and Related Phenomenology 



Fabian Zomer 

IN2P3-CNRS and Universite de Paris-Sud, Laboratoire de I’Acceleratew Lineaire, 
Batiment 200, F-91898 BP 34 Orsay Cedex, France 



Abstract. Recent measurements of inclusive deep inelastic scattering differential cross 
section in the range 1.5 GeV^< < 30000 GeV^ and 5-10~® < x < 0.65 are presented. 
Phenomenological analyses performed from these measurements are also described. 



1 Introduction 

In the Deep Inelastic Scattering (DIS) processes observed at HERA, a lepton 

= e* of 27.5 GeV interacts with a proton P of 920 GeV yielding a lepton £' and 
a set of hadrons X in the final state. Following the nature of £' the interaction 
proceeds via a neutral [£' = e*) current (NC) or a charged [£' = i/g, i>g) current 
(CC). DIS events are collected in the HI and ZEUS experiments [1] which are 
located at the two P interaction points of HERA. 

The kinematics of the DIS inclusive processes, £[k) + P{p) —1 P{k') + X , is 
determined by two independent kinematic variables, besides the energy of the 
incoming lepton and proton. One usually chooses them among the four Lorentz 
invariants 

= -9^ = ~{k - k'f, X = , y = - {q + pf, 

2p ■ q p ■ k 

whereby at HERA one can neglect the lepton and proton masses so that the 
useful relation Q"^ — xys holds. These kinematic variables are obtained experi- 
mentally by measuring the momentum and/or the hadronic energy, the direction 
of the scattered lepton and/or the hadronic energy flow. 

In this report we shall restrict ourselves to the cross section measurements 
at HERA in the medium 1.5 GeV^ < < 150 GeV^ and high 150 GeV^ < 

Q'^ < 30000 GeV^ domain of the DIS regime. During the past, a large number 
of precise measurements have been performed in the medium region by fixed 
target experiments [2]. With HERA, three major improvements may be noticed: 

• an extension of the domain to very high (10^ GeV^) but also to very 
small X (rs 10“®); 

• an almost hermetic (47 t) detection of the final state leading not only to the 
determination of the energy and angle of the scattered lepton but also of the 
produced hadrons; 

• from the previous items it follows that the detection of both NC and CC is 
feasible in the same detector and during the same data taking period; 
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The somewhat arbitrary distinction between low and high is related 
to different physics interests. In both regions perturbative Quantnm-Chromo- 
Dynamics (pQCD) is expected to describe the HERA data [3]. The pQCD anal- 
ysis of medium Q'^ data is part of a long tradition [4] from which the parton 
distributions of the nucleon and the strong coupling constant have been ex- 
tracted. On the top of that, very high (ss Af|) NC and CC data open a field 
of research in electroweak physics up to now reserved, in DIS, to neutrino beam 
experiments. 

The rest of this report is organized as follows. In section 2 the measurements 
of NC and CC differential cross sections are described. Section 3 is devoted to a 
phenomenological analysis of these measurements. 



2 Measurement of NC and CC cross sections 



Neutral current events, at medium and high Q^, are basically identified by the 
presence of an electron (or a positron) in the final state. This is done by using 
tracking and calorimetric devices covering the range 7° < Bg < 177° and i?' >4 
GeV (at HERA the forward direction 0^ = 0° corresponds to the direction of the 
incoming proton). 

The differential cross section measurement is done by counting the number of 
events within a kinematic interval in, say x and . Therefore one of the experi- 
mental problems is to achieve a good reconstruction of these kinematic variables 
from the detector information. Both, HI and ZEUS, can use the outgoing lepton 
and hadronic final state information, namely the polar angles, the momenta and 
the deposited energies. It is then possible to define the kinematics of each event 
by using different (and independent) combinations of experimental information. 

In ZEUS the double angle method is used 

o2 sin7ft(l +cos6>e) 

® sin7/j -f sin^e - sin(7/, -I- 0e) ’ 

_ Ee sin 7/i + sin Be + sin(7ft, ■+ Be) 

Ep sin 7/, -t- sin Bg - sin(7*, -f 6 »e) ' 

The hadronic polar angle 7/, is defined by tan 7^/2 = ~ Pz,i) / Etji, where 

Ei and j- are the energy and longitudinal momentum of the final state hadron 
i and where Pt^h is the total transverse momentum of the hadronic final state 
particles. In HI, the electron method is used 



sin^e(l - cos7/i) 
sin7/j + sin Bg - sin (7/1 -|- Bg) 



^2 _ (E'O^sin^ Bg 

" l-Ve 



= l-|^sin2(0,/2) 



to determine and x only at p > 0.15 since dx/x — \/ydE'g/ Eg while at 
y < 0.15 the E method is used 



Q 



2 _ 
s — 



{E'g)^sin'^ Bg ^ ^ -Pz,i) 

l-ys ’ J:, (Ei -p,j)+E'g{l- cos Bg)' 
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The reason for the differences between the methods used by HI and ZEUS are 
related to the calorimeter performances; HI possesses finely segmented electro- 
magnetic calorimeters and ZEUS a very good hadronic calorimetry. 

The redundancy in the determination of the kinematic variables is a crucial 
point and presents many advantages: minimization of the migration between the 
‘true’ and the measured kinematic variable by choosing one particular method; 
cross calibration of the various calorimeter devices, and studies of photon radi- 
ation from the lepton line by comparing leptonic and hadronic information. 

Once the collected events are gathered in x-Q^ bins, besides the subtraction 
of photoproduction background, correction factors are applied for; the efficiency 
of the event selection; detector acceptance; wrong reconstruction of the kine- 
matics due to detector effects, and the contribution of higher order electroweak 
processes. When possible, these correction factors are determined and/or cross 
checked from the data themselves. If this is not possible, then they are deter- 
mined from a full simulation of the DIS and background processes including the 
detector response. 

For the medium data we shall describe the preliminary results of the high 
statistics 1997 data (more than 10000 events per x-Q^ bin for HI). For high , 
the combined 1994-1997 (e+ beam) data published in ref. [5] are presented. 

At medium and for the HI measurements, the main systematic uncertain- 
ties are: the electron energy scale (fa 0.3%), the hadronic energy scale (?a 2 — 3%), 
the electron polar angle (ps 0.3 mrad), the photoproduction background at high- 
y only (ps 3% effect on the measurements) and the correction factors (see above) 
applied to the data (each one is of the order of 1-2%). The overall data nor- 
malization (including the luminosity measurement) uncertainty is 1.5 %. The 
systematic uncertainty is, in total, of the order of 3% and is larger than the 
statistical uncertainties which are at the level of 1 % for Q^< 100 GeV^. 

At high the systematic uncertainties are essentially the same. In ZEUS the 
statistic and systematic uncertainties amount to 3-5% for the kinematic range 
400 GeV^ <Q^ < 30000 GeV^ considered in the analysis. 

In charged current events, the outgoing neutrino escapes the detection. Such 
events are then characterized by missing transverse energy Pt,miss Analysis in 
ZEUS (HI) have demanded pt,miss > 10 GeV {pt,miss > 12 GeV). For the 
reconstruction of the kinematic variables, one can only use information from the 
hadronic final state, i.e. the Jacquet-Blondel method, giving. 



yjB 



Pz,i) 



2E, 



Q^jb 



Pt,n 



1 - yjB 



The CC events statistics is still low, Rd 900 events for > 400 GeV^ in ZEUS. 
The systematic uncertainty is dominated by the hadronic energy scale, which 
induces an effect of the order of 10%, except at very high and very high x 
where the effect is above 20%. Other systematic sources related to the pt^miss 
cut, acceptance correction and photoproduction background subtraction (in the 
lowest Q'^ bins) lead to measurement uncertainties between 4% and 8%. 
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3 Phenomenological analysis of inclusive measurements 
at HERA 

As mentioned in the introduction, we shall distinguish the phenomenological 
analysis of the medium data from the high data. As we are interested in 
the HERA data, it should be noted that we are considering the region of large 
10 GeV^. Therefore, we will not be concerned by the non-perturbative 
effects and the higher twist effects appearing in this region so that the symbol 
pQCD, appearing below, refers to the leading twist of pQCD. 

For all the mathematical details which cannot be given here we refer to ref. 
[6] and references therein. 



3.1 Analysis of the medium NC data 



In the one boson exchange approximation, the NC differential cross section reads 



dcr® P 27raemy+ 



dxdQ^ 






(Tr, ar = F2{x,Q'^) 



FL(x,Q^)T^xF3ix,Q^), ( 1 ) 

r + 



y. 



where Y± = 1 ± (1 — ?/)^. The nucleon structure functions are modeled using the 
quark-parton model and pQCD. In the so called naive parton model one writes 



n, 



= ^Ai{Q^)x[qi{x) + qi{x)\ , Fa{x) = Bi{Q^)[qi{x) - qi{x)] 



i = l 



i=l 



where qi (g;)is the density function of the quark (anti-quark) of flavor i, «/ is the 
number of active flavors and Fl = 0- The functions A,- [4] depend on the electric 
charge e,- (A, = e? for ^z) embody the effects of the Z exchange and 
•y — Z interference in their dependence. The same holds for the functions S,- 
[4] except that they vanish at M|. 

Going beyond the simple parton model, higher order contributions in Uj are 
taken into account. However mass singularities appear in the initial state of DIS 
processes and cannot be regularised without resumming the whole perturbative 
series. This resummation is done in a restricted kinematic region where as log 
is large [6]. This latter region is defined by A^ Ri 0.3^ GeV^, and the pQCD 
calculations are safe for above a few GeV^. In this domain, the parton density 
functions (pdf) are given by the solution of the DGLAP equations [6]: 





\g{x,M}) ) 



— ® ^f) 

_ f Pqq 1^fPqg\ „ f S[x, Mp) 

\Pm Pqq)^\g{F^F) 



( 2 ) 



with A® B — A{z)B[x/ z)dz/ z and where S — X^"=i(9i + qi) is the singlet 

quark density, q~jqs = q^ = qi — qi and q^NS ~ 9* + 
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non singlet densities and g is the gluon density. The splitting functions Pjj = 

describe the branching of parton j from parton i, 
and they can be computed with pQCD up to the second order. In eq. ( 2 ) Mr is 
the factorization scale (below which the mass singularity is resummed) and Mr 
is the renormalisation scale (related to the ultra-violet singularity). As the two 
scales must be chosen somehow, a natural choice for Mr is \f(^ , i.e. the virtual 
mass of the probe. We shall, as usual, also set Mr — Mr for convenience. It is 
worth mentioning that the DGLAP equations are universal, i.e. that they are 
independent of the specific hard process. 

Eq. ( 2 ) embodies the mass singularity resummation and therefore it only 
describes the so called light parton, i.e. the parton of flavour i and mass mi 
such that m\IQ'^ C 1 . In the medium range one can take the gluon, the up, 
down and strange quarks as the light partons. For the heavy quarks (charm and 
beauty) one needs to specify a special scheme. We have chosen the fixed-flavor- 
scheme (FFS) [ 7 ] - suitable in the HERA medium range - where beauty is 
neglected, and where the charm contribution is computed from the boson-gluon- 
fusion process 75' — > cc plus the corrections. In this scheme charm is produced 
‘outside’ the hadron. The relation between the pdfs and the structure functions 
depends on the renormalisation scheme. In Next-to-Leading-Log- Approximation 
(NLLA) and in the MS scheme one obtains: 



j=i 



1 + 






27T 



Cj,? ® qj{x,Q )) 



+ 2 



27T 



® g 






for n/ = 3 and where i— 1,2 (there is a similar expression for F3 with F’g'’ = 0); 
Cj,q and Cj^g are the coefficient functions depending on the hard process; 
is the charm contribution [8]. It suffices here to say th at it depe nds on 
and on a renormalisation scale that we choose to be + Note that 

Fl = F2- 2 xFi ^ 0 in the NNLA. 

To solve the system of integro-dilferential equations (2), one must provide 
some initial conditions, i.e. some input functions of x at a given for each 
pdf. Since these functions reflect some unknown non-perturbative mechanism, 
one must parameterize with the help of a set of parameters. As we shall see 
below, these parameters are determined by comparing the calculations to the 
experimental data. However, the inclusive DIS data alone cannot constrain all 
light flavours since the structure functions are linear combinations of the pdfs: 
introducing the singlet and a non-singlet xu'^ = xu -\- xu — xEji densities in 
order to write ef x[qi[x , Q'^) +qi{x, Q"^)] — 2/3a:«+ -I- 1/9*17. There is one 

important property of the DGLAP kernels Pij'. the average total momentum 
carried by the partons, f^(xU -|- xg)dx, is independent of . This quantity is 
called the momentum sum rule and is usually fixed to 1. 
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Fig. 1. Hi preliminciry measurements of a-r together with the result of a pQCD fit (see 
text). 



So in principle one may be able to describe the inclusive HERA data by 
parameterizing the three functions xg, xS and But we found that such a 
description is not adequate for the following reasons: 

• it leads systematically to a too large fraction of the total momentum carried 
by the gluons xgdx > 60%, in contradiction with the results of global fits 
including specific constrain on at high x [9]; 

• since the DGLAP equations involve some integrals of the pdfs from * to 1, 
one must also introduce some constraints at higher x, i.e. the fixed target 
hydrogen data from NMC and BCDMS [2]; 

• even when fixed target hydrogen data are included, one is unable to constrain 
the total momentum carried by the gluons. One must in addition include the 
fixed target deuterium data. In this case a second non-singlet density must 
be parameterized (essentially u + u — d — d), but now the valence counting 
rules, fg (u — u)dx = 2 and fg (d — d)dx = 1, can be applied, under certain 
assumptions, in order to constrain the momentum sum rule at high x. 




Deep Inelastic Scattering at HERA 



9 



HI and ZEUS have used the latter option but with different assumptions. We 
will describe here the fits performed to the 1994 data and to the preliminary 
1997 data. Both experiments include their own inclusive measurements and the 
NMC and BCDMS data. 

In HI two assumptions are made; u — d and s = s — d/2. The first constraint 
is in contradiction with the global fit results [9] including the Drell-Yan data but 
we have found that it does not modify significantly the gluon density at below 
X 10“^. The second assumption comes from the results of the dimuon events of 
CCFR [10]. Finally xg, xu, xuy and xd^ are parameterized at a given value of 
using the mathematical function Ax^ [1 — P{^) with F{x) = 1 + Dx + Ey/x. 

The momentum sum-rule and the quark counting rules are applied so that there 
are 16 free parameters in the HI fit. 

In ZEUS, the two valence quarks are taken from the MRS parameteriza- 
tion [9] and s = s = [d + u)/2 is also applied, xg, x{u — d) and x(u -f d) are 
parameterized using the above mathematical functions. 



xe(x) ZEUS 1995 




Fig. 2. xg extracted from the ZEUS fit to the 1994 data for three values of . Error 
bands contain the experimental error propagation and a theoretical error estimation 
(see text). 



Concerning the data-theory comparison, from which the input pdfs have to 
be determined, both HI and ZEUS use a minimization procedure. The main 
steps of the fitting procedure are summarized below. For each iteration: 1) the 
pdf’s are parameterized at a given value of Q‘‘ denoted Ql, it is chosen to be 
7 GeV^ in the ZEUS lit and 4 GeV^ in the HI fit, 2) the DGLAP equations 
are solved numerically in x-space [11]. 3) the evolved pdf’s are convoluted with 
the coefficient functions to obtain the structure functions. Assuming that all 
experimental uncertainties are normally distributed a is computed. A crucial 
point of the analysis is the expression which permits the use of the correlations 
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introduced by some of the systematic uncertainties: 



X 






exp dat 

+ E‘'.%+EE(“r) 

exp k 



^dat^stat ^dat,uncor 



exp 



where O stands for the observables (structure functions and differential cross 




Fig. 3. High Hi measurements of a = ar (eq. 1) compared with pQCD fit results 
(see text). 



sections). The first two sums run over the data {dat) of the various experiments 
{exp)\ (Jexp is the relative overall normalization uncertainty of the experiment 
exp; (Tdat,stat and <Tdat,uncor are the statistical error and the uncorrelated system- 
atic error, respectively, corresponding to the data point dat; i^exp is the number 
of standard deviations corresponding to the overall normalization of the experi- 
mental sample exp; is the relative shift of the data point dat induced 

by a change by standard deviations of the correlated systematic uncer- 
tainty source of the experiment exp. It is estimated by 






oifpisr - + 1 ) 



/ndat t 
^ exp I 



^exp 



- 1 ) 



_^exp 



^^exp 



+ 



\Otfp(s 



= +1) -f o 



dat ( ^exp 
exp 



{sr = -1) 






- 1 



(«! 



exp\^2 
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where = ±1) is the experimental determination of obtained 

varying by ±la the source of uncertainty. Parameters and can 
be determined by the minimization or they can be fixed to zero during the 
minimization but released during the error matrix calculation. In the first 
case one uses all the experimental information relying on the correctness of the 
estimate of the systematic uncertainties. 




10 ■' 10 ‘ 



Fig. 4. ZEUS measurements of 5- = together with various pQCD calculations (see 
text). 



The result of the HI fit is shown in fig. 1 together with the data. The agree- 
ment between data and pQCD is excellent. The gluon density obtained from the 
ZEUS fit (to the 1994 data) is shown in fig. 2. The error bands of the gluon 
density include the experimental error propagation as defined in ref. [12] and a 
theoretical uncertainty which includes the variation of: a*, the charm mass, the 
pdf input parameterization form, the value of Qg and the factorization scale. 
With the 1997 data one can expect a reduction of the experimental uncertainty 
by a factor of two. The theoretical uncertainties will then dominate in the de- 
termination of a^^f, i.e. the third order splitting functions are needed. 
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Fig. 5. HI measurements of jdx together with results from pQCD fits and dif- 

ferent assumptions on eicctroweak contributions (see text). 



3.2 Analysis of the high NC and CC data 



The fits applied to the high data differ from the one described in the previous 
section by a different calculation of the contribution of the heavy quarks to 
the structure functions. As 1.5 GeV, one has rndQ'^ <C 1 at high . 

The large term a” log"(Q^/mg) - dominating the calculation of - must be 
resummed already at 20 GeV*^. The massless scheme is therefore used and 
only data with > 10 GeV^ are included in the fit. In the massless scheme, 
charm and beauty are considered as partonic constituents of the proton and 
their density functions are obtained by solving the DGLAP equations with the 
initial conditions c{x,Q'^ < m^) = 0 and b{x,Q‘^ < ml) = 0. Such fits describe 
the HERA NC and CC (see fig. 3 and 4) data above Q^= 10 GeV^. 

In fig. 3 one can observe the different behavior of e~p and e'^p cross sections 
at very high Q^. This is related to the different sign of the contributions of F-s 
to (T,. . Fig. 5 shows da/dx together with the results of two pQCD fits including 
or not the Z exchange and j — Z interference. With the present data, sensitivity 
to electroweak effects in NC is for the first time observed at HERA. 
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Up to now we have only described the NC cross sections and related structure 
functions. For CC processes, in the one boson exchange approximation, one has 



d^cc 

dxdQ^ 



2ttx ( M ^ + 



d>±(x,Q^), 



( 3 ) 



where Gi.’ is the Fermi constant, and where the functions 4>± depends on CC 
structure functions (see [4] for example). From eq. (3) one can first remark 
that the slope of the CC differential cross section (see fig. 6) permits a 




Fig. 6. Hi measurements of du’"'" jdQ^ together with the pQCD fit results. 



determination of Mjy, assuming (or not) the precisely measured value for Gf 
[13]. To extract Mw , HI and ZEUS have used two different procedures. In HI, 
M\v is taken as an extra free parameter [Gf is fixed) of the pQCD fit and in 
ZEUS, the pdfs of CTEQ [9] are used in order to extract Mw and Gf (variations 
of the pdf choice is taken into account within the errors) . The results are 

HI ; Mw = 80.9 ± i.Z{stat.) ± 1.7{syst.) ± 3.7(theo) GeV 
ZEUS : Mw = 80 Atti{stat.)tll[sy St. )tll(pdf)Ge^ 
and treating Gf as free, ZEUS obtain 

Mw = 80.8ll;®(.s<af.)l^ °(sysL)l[;^(pd/) GeV, 

Gf = [1-171 ± 0.034(s7of.)in32(s2/siOio.m5(p4f)] x 5 ■ lO^® GeV“^ 

Let us point out that, concerning the HI result, the theoretical uncertainty 
is dominated by the variation of the results when varying the ratio d/u in the 
pQCD fit, and by the choice of the nuclear corrections applied to the deuterium 
target data entering the fit. These results, in good agreement with the world av- 
erage values [13], show that the standard model gives a good description of both 
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ZEUS CC 1994-97 




Fig-7. ZEUS measurements oi j dx (for e'*'p) together with various pQCD results 

(see text). 



space-like (CC in DIS) and time-like [W production in pp and e'*'e~ collisions) 
processes. 

In order to see the sensitivity of the CC cross section to the pdfs, we write 
in LO 



= xU + (1 — y)xD\ = xU -h (1 — y)xD 

with U = u + c and D = d s. From these expressions and from fig. 4 one can 
remark that: with positron (electron) beams one can determine d” (w") at high 
X and small-?/ and w -|- c (d -t- s) at small y. Let us mention that dy and the sea 
quarks are basically determined in the global pQCD fits by pd and v{u)Fe fixed 
target data, which require some nuclear corrections. Therefore, with the HERA 
e^p CC events one may have, with more statistics, a unique means to determine 
properly these quark densities. 

In fig. 7, dcr/dx is shown together with the error band determined by the 
ZEUS pQCD fit (without the CC and NC data described in the present article), 
and with the results of a recent analysis where an ansatz d/w ^ 0 as x — > 1 [14] 




Deep Inelastic Scattering at HERA 



15 



was introduced. Although the statistics is still low, one can notice from fig. 7 
that this latter hypothesis is not required by the HERA data. 

In fig. 8, the preliminary 1998 measurement of du® ^ /dx is shown. The error 



ZEUS Preliminary 1998-99 





Fig. 8. ZEUS measurements of dcr^'^ jdx (for e p) together with the pQCD fit result. 



band of the pQCD is much smaller than in fig. 7, therefore one can expect 
a better determination of electroweak parameters. The size of the error bands 
reflect that w" is much better constrained than d" in the pQCD fits. 



3.3 Extraction of Fl 

The longitudinal structure function is very hard to determine. It requires to 
combine data in a given x-Q^ bin from different beam energies. However, from 
eq. (1), one observes that at high y the cross section receives a contribution both 
from F 2 and Fl. Therefore, taking F 2 from the result of a pQCD fit (see previous 
section) applied to the low y [y < 0.35) data one can determine Fl at high y by 
subtracting F 2 , extrapolated to high y. The result of this operation is shown in 




16 



Fabian Zomer 



fig. 9. To reach lower , where pQCD is not reliable, another method is used. 
Writing 



dcTr _ dF2 <2 2 ‘^-y p 9Fl 

Slog?/ ~ 5 logy ^ ^ Y+d\ogy' 

neglecting dFi/dlogy, and assuming that 9^2/5 logy is a linear function of 
logy, one obtains the results also shown in fig. (9). This determination is con- 
sistent with the LO calculation of pQCD. 





Fig. 9. Hi determination of Fl. The full points correspond to the subtraction method 
and the stars to the derivative method (see text). 



4 Conclusion 

Recent measurements of medium and high differential cross sections at HERA 

have been presented, and a determination of Fl was also described. These new 
inclusive DIS data cover four orders of magnitude in and five orders of mag- 
nitude in X. 

In order to test Quantum Chromodynamics, fits based on the DGLAP equa- 
tions have been performed successfully to the NC and CC data sets presented 
in this article. The extraction of the gluon density was described and the result 
of the analysis of the 1994 data was shown. 

At medium HERA has reached the limit where the systematic uncer- 
tainties dominate the statistical ones. With the 1997 data, the gluon density 
will be determined by the pQCD fit at the few percent level of accuracy, and a 
determination of both xg and is now foreseen. 

Concerning the high data, although the statistics of NC and CC events 
is still low, a sensitivity of the results to the effects of Z boson and 7 - Z inter- 
ference in NC and to Mw in CC was observed. A determination of Mw from 
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/dQ"^ in space-like DIS was reported and a good agreement was found with 
the world average value from measurements in the time-like regions. Further- 
more, comparing da^^ j dxdQ'^ with the pQCD calculation, we pointed out that 
such a measurement offers a unique possibility to pin down - independently of 
any nuclear effects - d" and the different components of the proton sea. 

Finally, comparing the measurements of da^ ^ /dxdQ"^ and dcj® ^ jdQ"^ we 
observed, for the first time, the sensitivity of the NC to F 3 . 

With the high NC and CC events a new field of research is touched here. 
It will be covered, with more precision, by the HERA-2000 upgrade with the help 
of an increase of luminosity and longitudinal polarization of the lepton beam. 
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Abstract. The HERA measurements of the proton structure function Uj at low 
and very low values of the Bjorken variable x are presented. These measurements cover 
the transition region between the photoproduction limit {Q^ = 0) and the DIS regime 
at > 1 GeV^. Whereas the behaviour of F 2 at moderate and high is described 
by DGLAP evolution, in the low region, the F 2 behaviour can be described by 
phenomenological models inspired by Regge theory and the Vector Dominance Model. 



1 Introduction 

One of the early results from HERA was the discovery that the proton structure 
function F 2 is characterized by a steep rise with decreasing values of the Bjorken 
variable x [1,2]. This behaviour persists at low values of the order of ~ 1.5 
GeV^ [3,4] and can be interpreted as a purely perturbative phenomenon in terms 
of an increase of the gluon (xg) and sea quark (xq) densities when smaller and 
smaller values of x are probed. Gliick, Reya and Vogt (GRV) [5] predicted this 
behaviour well before the first HERA measurements; in their model the parton 
distributions are assumed to be non-singular (valence-like) at a very low 
starting scale (Qq ~ 0.34 GeV^). The rise of xg and xq with decreasing x at 
higher is generated dynamically via the DGLAP [6] evolution. 

The proton structure function F^ is related to the total virtual photon-proton 
cross section tr/o/’ through the following relation, valid at low x and low 

( 1 ) 

where ~ Q"^ /x is the squared center of mass energy of the 7 *p system. 

From (1) it follows that a measurement of F 2 {xyQ'^) is equivalent to a mea- 
surement of the total cross section Q^), and that the rise of the structure 

function F 2 with decreasing x at moderate and high and at low x corresponds 
to a rise of the total cross section with W at high values of W. 

The W dependence of is shown in Fig. 1, where a partial compilation 
of measured cross sections is plotted as a function of for different bins. 
The steep W dependence of the cross section at high and moderate is well 
described by global next-to-leading order (NLO) perturbative QCD (pQCD) fits 
(the prediction of the MRS(Rl) [7] parameterization is shown in Fig. 1). The 
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photoproduction cross section at = 0, shown in the same figure, exhibits a 
much softer W dependence. 




Fig. 1 . Total 7 *p cross section as a function of the 7 ’p center-of-mass energy in different 
bins of . The curves represent the ALLM97 [13] {full line) and the MRS(Rl) [7] 
(dotted line) parameterizations. The points are data from Hi, ZEUS and fixed target 
experiments 



As shown by Donnachie and Landshoff (DL) [8] the W dependence of the 
photoproduction cross section is similar to the W dependence of the cross section 
of hadronic processes, described by a two-component Regge parameterization 

aZ{W) = ^ ^ 2 ) 

where IR and IP denote the Reggeon and Pomeron contributions, with intercepts 
am ~ 0.5 and ajp ~ 1.08 respectively. At high W, where the Reggeon term is 
negligible, the energy dependence of the total cross section can be parameterized 
as o'tos(LL) oc , with A = 1 — am small and close to 0 in the photoproduction 
limit. Conversely, the behaviour of the DIS data with > 1 GeV^ at high W 
corresponds to a much higher effective power A (between 0.2 and 0.4). 

A transition between the different W dependences of the cross section in the 
two regimes is expected. One of the reasons for expecting new phenomenology 
in this region comes from the observation that the total photoproduction cross 
section is finite; this, because of (1), implies that F 2 0 as 1 0, which entails 
strong scaling violations at low Q^. Therefore, the description of the structure 
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functions based on pQCD, which still works at a scale of a few GeV^, should 
fail at lower Q‘‘. It is interesting to see down to which low value the NLO 
DGLAP formalism can be extended; at very low Q^, however, pQCD predictions 
are not reliable at all and non-perturbative models have to be used. 

At HERA, low values correspond to very low values of x, where the 
average longitudinal distance travelled by the hadronic fluctuation of the photon 
in the proton rest frame (/ ~ l/{2m]\rx)) is much longer than the target size. 
Then ep scattering can be viewed as the interaction of a color dipole qq with the 
proton, and the soft Regge-like behaviour of the photoproduction cross section 
is expected to hold also at finite but low values of Q^. However, the Regge 
formalism cannot be pushed to too high values without introducing hard 
contributions. 

The question is at which and x values the behaviour of the structure 
function changes from being described by perturbative QCD to being dominated 
by non-perturbative contributions. Different models and parameterizations exist 
to interpolate between the soft and hard behaviour of the cross section [9-14]. 



Experimental methods 

The structure function F 2 and the cross section have been measured in the 
transition region using e+p collisions from the 1995-1997 HERA runs. 

The 4-momentum transfer squared, , is related to the energy D' and the 
angle r?' of the scattered positron by 

= 4EeE', ■ sin2 ^ , (3) 

where is measured with respect to the direction of the positron beam and 
Eg is the positron beam energy. The limited angular acceptance of the main 
calorimeters of HI and ZEUS fixes the lowest to ~ 1.5 GeV^. In order to 
measure F 2 at lower values of , the final state positron must be identified at 
very small scattering angles or the beam energy Eg must be reduced. 

“Shifted Vertex” runs have been provided by HERA in 1995; in these runs the 
nominal interaction vertex was shifted in the proton beam direction by -f-70 cm, 
thereby increasing the angular acceptance of the detectors to smaller positron 
scattering angles. Both the HI and ZEUS experiments have measured F 2 using 
data collected in these runs, extending the coverage of the kinematic plane down 
to values of ~ 0.35 GeV^ (ZEUS) [15] and ~ 0.6 GeV^ (HI) [16]. 

In 1995 ZEUS extended the kinematic acceptance to low angles by installing 
two small beam pipe calorimeter modules (BPC) on two sides of the beam pipe 
at ~ 3 m from the interaction point in the rear direction. Each module is a 
tungsten-scintillator sampling calorimeter, with an energy resolution of AE/E = 
n%f\/E. The BPC acceptance is 18 < ??[, < 32 mrad. Data collected in 1995 
with the BPC were used for the measurement of F 2 [17] in the kinematic range 
0.11 < <5^ < 0.65 GeV^ and 2 x 10“® < x < 6 x 10'®. 

Another method to extend the measurement of F 2 to lower makes use 
of ep events with photons radiated collinear to the incident positron, resulting 
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in an effective beam energy Eg reduced with respect to “non-radiative events” . 
This method allows extension of the detector acceptance to low values of 
in a complementary higher x range with respect to the BPC and shifted vertex 
measurements, but it suffers from large statistical and systematic errors. 

The typical systematic error of the Shifted Vertex and BPC analyses is be- 
tween 6 and 12 %, depending on the bin. The statistical errors are much lower. 

2 Phenomenological analysis of the results 

The results of the F 2 measurements based on the 1995 data are shown in Fig. 2 
in bins between = 0.11 and 6.0 GeV^. The results from the Shifted 
Vertex runs are labeled as HI SVX95 [16], ZEUS SVX95 [15] those from BPC 
as ZEUS BPC95 [17]; some points from previous ZEUS analyses and from the 
E665 experiment [18] are also shown. The curves are the parameterizations from 
two fits of the ZEUS data based on non-perturbative models (ZEUSREGGE fit) 
and on NLO pQCD (ZEUSQCD fit). The data indicate that the rise of F 2 with 
decreasing x is prominent for values of > 1 GeV^, but becomes less steep for 
smaller values. 



ZEUS 1995 




Fig. 2. F 2 {x, Q^) at low from “Shifted Vertex” runs (Hi SVX95 and ZEUS SVX95), 
ZEUS BPC and E665 data. The curves are described in the text 



Figure 3 shows the cross section as a function of derived from the mea- 
sured F 2 using (1). The two curves shown are the predictions of Donnachie and 
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LandshofF (DL) [8] and of GRV94 [5]. The DL model describes the W depen- 
dence of the data at very low values of Q^, but above = 0.65 GeV^ it predicts 
a shallower rise of the cross section than the data exhibit. The increasing rise of 
with for values above 1 GeV^ is described by the GRV94 curves. 

ZEUS 1995 



• ZEUS BPC 1995 ■ ZEUS SVTX 1995 o E665 




10^ lo’ 10‘* 10* lfl‘ 

W^GeV*) 



Fig. 3. The total y*p cross section, as a function of for different bins. 

Low DIS measurements and photoproduction cross sections [20] are compared with 
the predictions of DL {dotted line) and GRV94 (dashed line) 

In [15], a simplified Generalized Vector Dominance Model (GVDM) [19] ap- 
proach was used to parameterize the dependence of the cross section in the 
BPC range; in the fit described in [15] the longitudinal ■y*p cross section is 
neglected, while the transverse cross section cry(tT^, is related to the corre- 
sponding cross section at = 0, (Tq{W^), by 

where only the contribution from continuum vector states from a cut-off-mass 
Mq has been kept. A fit of the BPC F 2 points to (4) gives Mq — 0.53 GeV^. 

The W dependence of (Jo(lT^) is parameterized by Regge theory through (2). 
The and W dependence of the cross section used in the ZEUSREGGE 
fit is obtained by combining (2) and (4) 

+ A, Hwr ''--') ■ ( 5 ) 
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The ZEUS BPC data and low W photoproduction data from fixed target 
experiments [20] were fitted to (5), with Aje, Ajp and ajp left as free parameters. 
The intercept of the Pomeron is determined to be o/p = 1.097±0.002, compatible 
with the value of the DL fit. The fit result is shown in Fig. 2; the ZEUSREGGE 
fit gives a good description of the low data in the BPC region < 0.65 
GeV^, but at larger the curves fall below the data. 

The continuous curve in Fig. 2 (ZEIUSQCD) is the result of a NLO QCD 
fit to the ZEUS data with Q"^ > 1 GeV^; data from the NMC [21] and the 
BCDMS [22] experiments with > 10 GeV^, not shown in Fig. 2, are also 
included to constrain the fit at high x . The details of the fit are described in [15]. 
The NLO DGLAP evolution equations are solved in the MS scheme. The input 
scale is chosen to be Qo = 7 GeV^, and backward evolution is performed to fit 
the data with < Q^- The quality of the fit is good (the 's 1474 for 1120 
data points and 11 free parameters) as can be seen in Fig. 2, where the resulting 
F 2 is shown together with the measured values. 

F'igure 4 shows the gluon [xg) and singlet {xS) distributions obtained from 
the fit as a function of x for at 1, 7 and 20 GeV^. At the smallest the 
gluon distribution is almost fiat and compatible with zero, while the quark singlet 
distribution is still rising at small x. 



ZEUS 1995 




Fig. 4. The quark singlet momentum distribution xE [shaded) and the gluon momen- 
tum distribution xg [hatched) as a function of a; at = 1, 7 and 20 GeV^ from 
the ZEUSQCD fit. The left-hand plots show the results of the fit including data with 
> 1 GeV^; the results in the right-hand plots include data with > 4 GeV^. The 
error bands correspond to the quadratic sum of all the error sources 



The quark singlet distribution is dominated at low x by the contribution 
from the qq sea distribution xS, and its evolution in is coupled to that of the 
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gluons. It seems rather unphysical that the gluon does not drive the sea evolution 
at low <5^; this behaviour (also observed, for instance, in the result of the fit by 
Martin et al. (MRST) [23]) is incompatible with the hypothesis that the rapid 
rise in F 2 is driven by the rapid increase of the gluon density at small x induced 
by parton splitting. However, no breakdown of the technical validity of the NLO 
QCD fit has been found in the kinematic range explored; the experimental data 
are well described down to ~ 1 GeV^. 

The low X behaviour of F 2 as a function of x and can be quantified 
through the slopes din Fj/dln (1/x) at fixed and dF 2 /d\nQ'^ at fixed x. 

The slope Xgj j — dlnF 2 /d\n{l/x), shown in Fig. 5, is extracted by fitting the 
data at fixed Q'^ to the form F 2 = Ax^^‘^F equivalent to the parameterization 
clot = A' ■ for the total cross section. The slope f at < 1 

GeV^ is compatible with the Q^-independent Regge prediction A — 1 — a/p ~ 0.1, 
while at higher it gradually increases with . This tendency at high is 
not followed by the dominant Pomeron term of soft Regge phenomenology, but 
is qualitatively described by pQCD fits. As an example, the prediction of the 
GRV94 parameterization and the result of the ZEUSQCD fit for > 1 GeV^, 
obtained using the same x range of the data, are shown in Fig. 5. 




Fig. 5. The slope A^// = d\n F 2 ! d\n {I f x) as a function of as determined by a fit 
to HI (left) and ZEUS (right) data 

The logarithmic slope dF 2 l dlnQ"^ is derived from the data by fitting F 2 = 
a + b\nQ^ in bins of fixed x. The slope dF 2 /d\nQ'^ at low x is dominated by the 
convolution of the splitting function Pqg and the gluon density (dF 2 /d\nQ^ <x 
ctsPqg ® ^g)i a-nd can be considered as a quantitative evaluation of the scaling 
violations caused by gluon bremsstrahlung and quark pair creation. 

The dependence of the logarithmic slope on x, as determined from the fit 
of the ZEUS data, is shown in Fig. 6, where for each bin the mean value of is 
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Fig. 6. The slope (IF 2 /d In as a function of x as determined by the fit of ZEUS data 



also shown. For values of x down to 3 x 10“^ the slope increases as x decreases. 
In this X range, where the mean values of are high enough that pQCD fits are 
expected to be reliable, the ZEUSQCD fit and the GRV94 parameterization are 
in good agreement with the data. The trend of the slope in this region reflects 
the rapid increase of the gluon density with decreasing values of x obtained by 
the same ZEUSQCD fits. 

At lower values of x and Q'^ the slope has the opposite behaviour, it decreases 
for decreasing x, with a “turn-over” at a; ~ 3 x 10~'' and at a mean value 
of a few GeV^. It should be noticed that the exact position of the “turn-over” 
could depend on the correlations between the x and values of the data points 
included in the fit. In the same range the slope determined from fixed-target 
data continues to increase with decreasing values of x, but these data are at 
larger values of x. 

The parameterization of DL and the ZEUSREGGE fit describe the x depen- 
dence of the slope only at very low values of a;. As shown by the result of the 
ZEUSQCD fit, the standard NLO DGLAP equations are able to describe the 
behaviour of the slope down to ~ 1 GeV^. 

It is not surprising that the GRV94 parameterization, obtained by a fit not 
constrained by data at low , does not follow the turn-over of the slope between 

~ 1 and ~ 10 GeV^; in this region the evolution of the sea and gluon 
distributions predicted by the DGLAP equations depends strongly on the shape 
of the parton distributions at the starting scale and on the value of the strong 
coupling constant The ZEUSQCD fit, tuned to the same data from which 
the slopes have been determined, follows the x dependence of dF 2 /dlnQ'^ down 
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to lower values of . The flattening of the slope at ~ 1 GeV^ reflects the 
flat ar-dependence of the gluon distributions determined from the ZEUSQCD fit 
at this scale. 

While in the pQCD regime the logarithmic slope is sensitive to the gluon 
distribution, the x dependence of the structure function F 2 is related to the sea 
quark distribution. The fact that at ~ 1 GeV^ F 2 continues to rise with 
decreasing values of x is consistent with the x dependence of the singlet quark 
distribution obtained at these values from the ZEUSQCD fit. 

3 New experimental results 

In order to reduce the background and the systematic error of the F-z measure- 
ment in the transition region, ZEUS installed a tracker (DPT), consisting of two 
silicon microstrip detectors, in front of the Beam Pipe Calorimeter in 1997. 

The BPT complements the information of the BPC for the reconstruction of 
the scattered positron and the measurement of the scattering angle. There are 
several advantages to using a tracker in front of the Beam Pipe Calorimeter: 

• The tracker can be used to reduce the main source of background in the BPC 
analysis, due to neutral particles in the final state from photoproduction 
events misidentifled as positrons. The reduction of the background allows 
extension of the kinematic coverage to higher values of y with respect to the 
1995 analysis. 

• With the BPT the scattering angle can be measured more precisely and in- 
dependently of the knowledge of the interaction vertex; the F 2 measurement 
is thus less dependent on the efficiency of the vertex reconstruction and on 
the simulation of the hadronic final state in the Monte Carlo. 

• The use of the BPT in the reconstruction of the track coordinates gives 
a better control of the fiducial volume cuts and of the position dependent 
corrections in the BPC energy reconstruction. The energy calibration, per- 
formed on 1997 data using kinematic peak events, determines the energy 
scale of the calorimeter to within ~ 0.3%; the energy scale is uniform within 
±0.3% over the entire active area of the detector. 

The data taken with the BPT during six weeks at the end of the 1997 running 
period, corresponding to an integrated luminosity of 3.9 pb“\ have been used to 
measure F 2 . The kinematic region covered by this analysis is 0.045 < < 0.65 

GeV^ and 6 x 10“^ < a; < 1 x 10“^, corresponding to 25 < IT < 270 GeV and 
0.007 < y < 0.8. The kinematic coverage has been extended to lower and higher 
y with respect to the 1995 BPC analysis. The lowest y bins overlap with the 
measurements of the E665 experiment. 

For y > 0.08, the event kinematics arc reconstructed with the electron 
method. At lower y, the y resolution is improved by combining positron and 
hadronic final state variables with the eS method [26]. 

The simulation of ep events in this analysis makes use of two Monte Carlo gen- 
erators: non-diffractive events are generated with DJANGO [24], while diffractive 
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" low mass and low multiplicity - events are generated with RAPGAP [25]. The 
two Monte Carlo samples are mixed in a proportion determined by fitting dis- 
tributions of hadronic variables in data with a weighted sum of DJANGO and 
RAPGAP events. 

The value of R = Fl/{F 2 — Fl) is taken from the BKS model [27]. Due to 
the low of this analysis, the effect of F^ is small, reaching at most 3% in few 
bins at high y and moderate . 

The data are shown in Fig. 7, together with two fits (ALLM97 [13], DL98 [14]) 
which include the 1995 measurements, as well as with the original DL parame- 
terization. 



ZEUS 1997 (Preliminary) 



o E66S DL 

o ZEUS BPC 1995 - DL98 

• ZEUS BPT 1997 - ZEUS REGGE 97 ALLM97 



o E665 DL 

o ZEUS BPC 1995 - DL98 

• ZEUS BPT 1997 - ZEUS REGGE 97 ALLM97 




ZEUS 1997 (Preliminary) 



t> E66S DL 

o ZEUS BPC 1995 - DL98 




Fig. 7. F 2 as a function of x in bins of from the BPT analysis compared with 
previous measurement from ZEUS (BPC 95) and E665 results 



The average statistical error, including the statistical error of the Monte 
Carlo simulation, is 2.6%. The typical systematic error of 3.3% is similar to the 
statistical one and has been reduced by a factor 2 to 3 compared to the previous 
measurement. 

The BPT F 2 data are converted to total f*p cross sections using (1) and are 
shown in Fig. 8 as a function of for different W bins. The measured cross 
sections for fixed W have been fitted to (4) , with the values of the cross sections 
<To(W^) ai — 0 left as free parameters. The fit has a reasonable x^/dof of 
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1.3, taking into account statistical errors only; this indicates that the simplified 
GVDM model of (4) describes well the dependence of the cross section. 

The extrapolated cross sections ao are shown in Fig. 9 as a function of the 
center of mass energy W ; in the same figure the direct measurements from HI [28] 
and ZEUS [29] and data from other experiments at low W [20] are also shown, 
and compared with the DL98 [14] and ALLM97 [13] parameterizations. The 
magnitude of the model dependence, estimated by extrapolating with the 
(Q^-dependence of DL, DL98 and ALLM97 parameterizations, is shown as a 
shaded band in Fig. 9. 

A fit of the cross sections cro[W) extrapolated from the BPT data, and of the 
low W measurements with the Regge-type form of (2) fixing am = 0.5, gives a 
value of the Pomeron intercept am = 1.105 ± 0.001{stat) ± 0.007(sys). 



ZEUS 1997 (Preliminary) 



° ZEUS+II1M-9S DL 

* ZElIS+HIvp DL98 

• ZEUS BI^ 1997 - ZEUSREGGK97 ALLM97 



° ZEUS+in 94-95 DL 

* ZElIS+HIvp DL98 

• ZEUS BI^ 1997 - ZEUSREGGK97 ALLM97 




Fig. 8. versus in bins of W from 

the BPT F 2 analysis and other measure- 
ments from ZEUS and HI 



ZEUS 1997 (Preliminary) 




Fig. 9. Extrapolated and measured o-Tfj 
versus . The curves are the ALLM97 
and DL98 parameterizations and the re- 
sult of the Regge fit described in the text 



4 Conclusions 

The HERA measurements of and at low and x, in the transition 

region between DIS and the photoproduction limit, have been presented. The 
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data with < 0.65 GeV^ can be described by a simple GVDM and Regge- 
inspired parameterization, which however fails at higher . The rapid fall of F 2 
at small x for > I GeV^ is described by NLO QCD fits. 

The slopes dlnF 2 /d\n{l/x) at fixed and dF 2 /d\nQ^ at fixed x have 
been detemined from the HERA data. In the regime where pQCD is reliable, 
the behaviour of the slopes is compatible with the results of a NLO QCD fit. 
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Abstract. We briefly review the global analyses that are used to determine parton 
distributions from data, and discuss recent topical issues that have arisen. We outline 
the properties of skewed parton distributions, and show that in the small x domain 
they are completely determined by the conventional distributions. The relevance to the 
description of vector meson production at HERA is emphasized. 



1 Introduction 

The cross section of hard scattering processes involving incoming protons (such 
as deep inelastic electron-proton scattering or the hadroproduction of jets of 
large transverse momentum) can be written as the sum of parton distributions 
multiplied by the cross sections of hard subprocesses calculated at the parton 
level using perturbative QCD. That is we can factor off the long distance (non- 
perturbative) effects into universal, process independent, parton distributions, 
with i — q,q,g, which represent the probability of finding parton i in 
the proton carrying a longitudinal fraction x of the proton’s momentum. The pa- 
rameter p is a scale typical of the hard partonic subprocesses. Perturbative QCD 
determines the evolution of the parton distributions as a function of p, provided 
they are known as some starting scale po. Calculating the parton distributions 
from first principles at some low scale po is one of the most challenging prob- 
lems of non-perturbative QCD. The most promising approach is lattice QCD, 
but much remains to be done. On the other hand, from a practical point of 
view, the parton distributions of the proton are determined with good precision 
from global analyses of deep inelastic and related hard scattering data. We will 
describe these analyses in Section 2 and focus on some of the recent issues that 
result. 

Formally parton distributions can be expressed as matrix elements {p\0\p) 
where O is a twist-2 quark or gluon operator, and p is the four momentum 
of the proton. Recently there has been much renewed interest in off-diagonal 
or skewed parton distributions which are given by matrix elements (p'\0\p) in 
which the momentum p' of the outgoing proton is not the same as that of the 
incoming proton. For example, the amplitudes for processes such as deeply virtual 
Compton scattering (7*p — >■ 7p) or vector particle electro- or photo-production 
( 7 *p Zp or J/i>p) depend on off-diagonal distributions. Since p p' the 
parton returning to the proton has a different momentum to the one which 
is outgoing, and so we need two momentum variables to specify the skewed 
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distributions. In Section 3 we will discuss the phenomenological developments 
involving skewed distributions (concentrating entirely on the small x domain) 
and emphasize their potential role in the global parton analyses. 

2 Global parton analyses 

As mentioned above, the parton densities fi{x, Q"^) are determined from a global 
analysis of a wide range of data for deep inelastic and related ‘hard’ scattering 
processes, which are listed in the first column of Table 1. The procedure is 
to parametrize the x dependence of the ‘starting’ distributions in physically 
motivated forms, such as 



— AiX “’(1 - + 7;a;2 + (1) 

at a low scale Qg, but which is nevertheless sufficiently high to be in the pertur- 
bative region. Next-to-leading order DGLAP equations are then used to evolve 
up in to determine at all the x,Q^ at which data are to be fit- 

ted, and the parameters A;, a,-, . . .Si varied until an optimum description of the 
data is achieved, subject to satisfying the momentum and flavour sum rules. 
The last column of Table 1 gives an indication of the parton properties that 
are constrained by particular data sets. Two independent groups have carried 
out global analyses: MRST and CTEQ. Their latest sets of partons are known 
as MRST [1], MRST99 [2] and CTEQ5 [3]. Semi-global analyses are also being 
undertaken by the experimental collaborations (see, for example, [4]). In this sec- 
tion we review topical issues concerning these global parton analyses. We adopt 
the conventional notation u = fu,d = fa etc. 

2.1 Light quark distributions: u, d, s 

The u and d distributions are pinned down by the DIS data, with the slope of 
d/u being constrained for x < 0.3 by the CDF rapidity asymmetry data. In 
fact d/u is determined up to a; ~ 0.7 by the NMC F^/F^ data, provided that we 
assume that there are no deuterium binding corrections for x > 0.3. However, 
Yang and Bodek [5] have recently stressed a point made by Melnitchouk and 
Thomas [6] that the data may have a nuclear binding correction which would 
lead to a larger d/u ratio at large x. This leads to considerable uncertainty in 
the d distribution at large x. Descriptions with d/u — > 0 or 0.2 as a; — > 1 are 
equally possible. In principle measurements of charged current DIS e+p i/X 
(and e~p — )■ vX) at HERA, or asymmetry at large rapidity at the LHC, 
can resolve the issue [2]. 

The ratio d/u of sea quark distributions is determined for 0.05 S x ^ 0.3 by 
the E866 data for pp,pn -> p.~ X [10]. Information is also coming from the 

HERMES data for ep, en eir^X. It is found that d/u rises from unity at 
a; = 0 to about 1.5 at a; = 0.15 and then falls sharply back through unity around 
X ~ 0.3. 
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Table 1. Processes studied in global analyses. The essential features of the par- 
tons that are probed by the particular data sets are indicated in the last column. 



Process/ 

Experiment 


Leading order 
subprocess 


Parton behaviour probed 


DIS (^J.N — pX) 

(SLAG, BCDMS, 
NMC, E665) 


' 

7*9 9 


Four structure functions — >■ 
u + u 
d d 




► 


u + d 


DIS (i/AT ^ pX) 

F^^,xF!(^ 

(CCFR) 


W*q -> q' 


s (assumed = s), 
but only f xg{x,Ql)dx ~ 0.35 
and J{d—u)dx~Q.l 


DIS (small x) 

F^” (HI, ZEUS) 


7*(^*)9^9 


A 

{xq ~ x~^^, xg ~ a;"''^) 


DIS {Fl) 

NMC, HERA 


7*5 -> 99 


5 


tN —¥ ccX 

(EMC; HI, ZEUS) 


')* c c 


c 

(k > 0.01; a; < 0.01) 


uN — f p+/x“X 

(CCFR) 


lU*s c 


s ss 7 (u -t- d) 


pN ->• ~iX 

(WA70, UA6, E706, . . . ) 


qg 79 


5 at a; ~ 2pJ /^/s — >■ 

a.' 0.2 - 0,6 


pN p+p“X 

(E605, E772) 


99 7* 


9 = ...(1 — a;)''® 


pp,pn —y p+p~X 
(E866, NA51) 


uu, dd 7* 
ud, du — )■ 7* 


M - d (0.04 < a; < 0.3) 


ep, en — )• e7rX 

(HERMES) 


7*9 — > 9 with 
q = u,d,u,d 


u-d (0.04 < a; < 0.2) 


PP WX(ZX) 

(UAl, UA2; CDF, DO) 


ud W 


u, d at a; ~ Mw / ^/s — >• 

a; PS 0.13; 0.05 


-»■ asym (CDF) 




slope of u/d at a; 0.05 — 0.1 


PP — > ttx 

(CDF, DO) 


99, 99 ti 


9,9 at a; > 2mtl^/s ~ 0.2 


PP -f jet -f X 

(CDF, DO) 


99, 95, 99 2/ 


9,9 at a; ~ 2Et/\/s — >■ 

a; 0.05 — 0.5 




Diagonal and Skewed Parton Distributions 



33 



In principle vN X and vN X DIS data can determine s and s 

distributions separately. However so far the global analyses have used the studies 
of the CCFR dimuon production data, which yields 

s + s ~ (m + J)/2 (2) 

independent of a; at = 1 GeV^, with typically a ±10% error [2], 



2.2 Heavy quark distributions: c and b 

The improved theoretical treatments have recently enabled these distributions 
to be put on a sound basis in the global analyses (see, for example, [7]). For a 
heavy quark distribution (say c) we should match, at = m^, the fixed flavour 
number scheme, describing ~jg cc with nj = 3 to the variable flavour number 
scheme with nj = A flavours for MRST [1] use the Thorne- Roberts 

prescription [8] in which and dF ^ / are required to be continuous at 
= m^, whereas CTEQ [3] use an alternative ‘ACOT’ prescription [9]. In this 
way the charm distribution is generated perturbatively with the mass of the 
charm quark rric as the only free parameter. Not surprisingly, due to the g ^ cc 
transition, the charm distribution mirrors the form of the gluon distribution. At 
some level we may expect an ‘intrinsic’ component of the charm distribution. 



2.3 The gluon distribution g 

In principle many processes are sensitive to the gluon distribution, but it is still 
difficult to determine for x > 0.2 where it becomes increasingly small. In this 
region MRST [1] used the WA70 prompt photon data to determine the gluon. 
However this process suffers from scale dependence (reflecting the higher order 
corrections), effects of intrinsic kr (needed to describe the E706 prompt photon 
data) and uncertainties due to fragmentation effects and isolation criteria. In an 
attempt to provide an acceptable spread of gluon distributions at large x, MRST 
presented three sets of partons {g t, the default MRST set, g |) corresponding, 
respectively, to an average intrinsic kx = 0,0.4 and 0.64 GeV for the WA70 
data. The arrows indicate the relative sizes of the gluons in the large x region. 
The corresponding (kx) needed to obtain a good description of the E706 prompt 
photon data is worryingly large at about 1 GeV. 

Due to the uncertainties associated with prompt photon production, the re- 
cent CTEQ analysis [3] omits these data and instead determines the large x 
behaviour of the gluon using the single jet inclusive Et distributions measured 
at the Tevatron. The above three MRST sets of partons ‘predict’ the shape of 
the jet Et distributions remarkably well, but the predicted normalization is 7%, 
13%, 17% below the data respectively with g | being closest to CTEQ5. 

Turning now to the small x domain, the gluon is well constrained by the 
observed behaviour of dF 2 /d\ogQ‘^ . To be precise the HI and ZEUS data de- 
termine the gluon for x < 0.01, and the NMC data for x < 0.1. Inspection of F 2 
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as a function of In at low fixed x [11,4] shows that the data flatten out at low 
, indicating a smaller value of 

dF-i/dlnQ'^ as{Q‘^)Pgg® g. (3) 

Also as increases with decreasing , and as a consequence g{x) becomes 
valence-like for ~ 1 GeV^, which is about the lowest value of for a 
DGLAP description. In fact ~ 2 GeV^, where the gluon becomes flat (that 
is g{x) — >• constant as ar — >■ 0), is a more reasonable lower limit for DGLAP 
evolution. 



2.4 W production at the Tevatron and the LHC 

The total cross sections for W and Z hadroproduction are known to NNLO [12] 
and the input electroweak parameters are known to high accuracy. The main 
uncertainty in predicting the size of the cross sections comes from the parton 
distributions and, to a lesser extent, from the value of as - The MRST predictions 
are [2] 



B{W 



2.45 nb (±3%) at the Tevatron 
20.3 nb (±5%) at the LHC. 



(4) 



The errors arise from considering the spread of predictions arising from taking 
the full range of parton sets, including a ±0.005 uncertainty in as(M^). In 
principle the predictions allow a check on the luminosity of the collider. Of course, 
there are uncertainties in the parton distributions due to the normalization errors 
on present data. To make an attempt to allow for this, the range of parton sets 
used to specify the errors in (4) includes sets obtained from global fits with the 
HERA deep inelastic data renormalized up by 2.5%, and then down by 2.5%. 



2.5 Comparison of MRST and CTEQ partons 

The predictions for aw serve another purpose. The long evolution length to — 
M^, together with the expected precision of the predictions, can expose small 
defects in the evolution codes used for the global analyses. An unexpectedly large 
difference was found between the cross sections predicted using MRST98 [1] and 
CTEQ5 [3] partons. The value for aw obtained from CTEQ5 was 10% greater 
than from MRST98 partons at the LHC energy. It means that the evolution 
codes should be carefully checked. Recall that neither CTEQ, nor MRS, agreed 
completely with the “standard HERA workshop code [13]” for a test evolution 
from = 4 to 100 GeV^. In the interval lO""^ ^ x ^ 10“^, the CTEQ sea was 
some 4% high, and the MRS sea was 1% low and the gluon about 1.5% low. 
MRST checked their code and found that it had to be corrected by a factor 
Cf — >■ Ca in one of the terms appearing in the NLO Pgg splitting function. The 
effect is to make the gluon, and hence the sea, evolve a little more rapidly at small 
X. With the correction the MRST99 code [2] is found to agree precisely with the 
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“standard” evolution code and, moreover, is consistent with exact momentum 
conservation as a function of , as it should be. However the discrepancy for 
aw remains: the CTEQ5 HQ prediction is about 6% (10%) higher at Tevatron 
(LHC) energies [2], DifTereiices between MRST and CTEQ partons can arise from 
the choice of the data sets to be included in the global fit, the cuts used, 

the different renormalization of some data sets, the different treatment of heavy 
flavours, etc. However none of these differences appears sufficient to explain the 
discrepancy in the predictions for aw, which sample partons at with 

X ~ Mw !^/s. 



2.6 Outstanding problems of global analyses 

There is a need to determine realistic errors on the parton distributions extracted 
in a global analysis. This is far from easy. In particular, among other things, we 
need to quantify the uncertainties due to (i) heavy target and other nuclear 
corrections, (ii) the possible effects of higher twist contributions, (iii) the choice 
of the form of parametrization of the initial distributions, and (iv) the possible 
effects of kr smearing on the analysis of exclusive processes. 

A second, and related, problem is the need for a next-to-next-leading order 
(NNLO) analysis. The Pgg splitting function is not yet known to this order. Also, 
as data at smaller and smaller x are included, there is a need to resum log(l/a;) 
effects, and to allow for parton shadowing corrections. 



3 Skewed (or ofF-diagonal) parton distributions 



Data of higher and higher precision are becoming available for processes which 
are described by off-diagonal (or skewed) parton distributions in the small x 
domain. A relevant example is diffractive vector meson production at HERA, 
7 *p — >■ Vp with V = p, J /i> or T (see, for example, [14]). At high 7 *p c.m. energy, 
W , the cross section is dominated by the two-gluon exchange amplitude 



da 

dt 



(7> -> Vp) 



t = Q 



. . .[x2g(xi,X2,p.‘^)]^ 



(5) 



where g is the off-diagonal [x\ / X 2 ) gluon distribution with 

= {Q'^ + Mlg)lW\ 

X2 = {M^gg-Ml)/W'^ Xi, ( 6 ) 

see [15]. The process is shown schematically in Fig. 1. Mqg is the mass of the 
qq system produced by a photon of virtuality . The relevant scale is = 
2(1 — z)Q'^ -f- -h rn^ where z,l — z and Tfcx specify the momenta of the q and q 
which form the vector meson of mass My ■ The quadratic dependence of g in (5) 
shows that these data may offer a sensitive constraint on the gluon. Indeed we will 
see that the off-diagonal distributions are fixed by the conventional (diagonal) 
parton distributions of Section 2, so that the data can, in principle, be included 
in a global parton analysis. 
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Fig. 1. Schematic diagram for diffractive vector meson production at HERA, y*p 
Vp. The longitudinal fractions xi and X 2 of the in-going and out-going proton momen- 
tum are given by (6). « and l — z are the longitudinal fractions of the q and q momenta. 
There are four possible couplings of the two gluons to the q and q, represented by the 
upper circle. 



3.1 Ji’s symmetrized distributions 

It is convenient to use the skewed parton distributions = H p?), 

with support — 1 < a; < 1, introduced by Ji [16], with the minor difference that 
the gluon Hg = [17]. The distributions depend on the momentum fractions 



xi,2 = a;±^ (7) 

carried by the emitted and absorbed partons at each scale , and on the mo- 
mentum transfer variable t = (p — p')^. The variables do not change as we evolve 
the distributions up in the scale p'^ . In the limit — )• 0 they reduce to the 

conventional parton distributions 






q[x) for a; > 0 
—q{—x) for a; < 0 



Hg{x,Q) = xg{x), 



( 8 ) 



and satisfy DGLAP evolution. In the limit 1 they obey ERBL evolntion 
[18,19]. If we consider Hg at arbitrary values of then for a; > ^ and x < —^ 
we have DGLAP-like evolution for quarks and antiquarks respectively, while for 
—^<x<^we have ERBL-like evolution for the emitted qq pair. 

On account of the xi *2 symmetry the distributions Hg and Hg are 
symmetric in ^ 



H,{x,^) = Hi{x,-^). 



( 9 ) 
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We also have symmetry relations in terms of the x variable 

H^{x,0 =-H^{-x,^) 

H,{x,0 =H,i-x,^) ( 10 ) 

where the superscripts S and NS denote singlet and non-singlet quarks respec- 
tively. 

3.2 H{x,^) in terms of conformal moments 

In order to relate the skewed distributions to the conventional parton densities 
it is convenient to work in terms of the so-called conformal moments'^ of the 
skewed distributions 



= J dxRj~i{xi,X2)H{x,^,fi'^). 



( 11 ) 



At leading order, these moments are not mixed by evolution. In fact 

Oiv(^,M^) - On{^,I^o) (^') > (12) 

\A‘o/ 

where 7 jv are the same anomalous dimensions as for diagonal partons. The Rj\f 
are known polynomials of degree N 




x\x 



N-k 

2 



(13) 



with p = 1,2 for quarks and gluons respectively. The Om reduce to the usual 
moments in the limit ^ ^ 0. For example for quarks 

On — t Mn = f x^q{x)dx, (14) 

Jo 

up to a normalizing factor Rn{^, !)• 

The crucial step is to find the inverse relation to (11). That is to reconstruct 
H{x,^) from a knowledge of its conformal moments. The result, due to Shuvaev 
[23], is 



H(x,(,) = j dx'K{x,0,x')f(x) 



(15) 



’ Conformal moments were introduced in [18,20] for ^ = 1, and in [21] for ^ / 1; see 
also [22]. 
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where the kernel K is a known integral [23,24] and / is the Mellin transform 

" / ^ii^VON{0/RN{l,l). (16) 

The function / reduces to the conventional diagonal parton distribution for 
1. This follows since [16] 

l(iV+l)/2] 

61 iv(^) = ^ ONki^’^ 

~ Oivo — Oiv(O) = Mjv/iiv(l, 1) (17) 

for small . So the skewed distribution H is completely determined in terms 
of the diagonal distribution / via (15). This identification can be made at any 
scale, and so there is no need to solve the off-diagonal evolution equations to 
obtain the dependence of That is the normal DGLAP evolution 

of is sufficient to generate the and dependence of H[x,^,iJ?) at 

small X and 

3.3 A good small *, ^ approximation 

We can simplify (15) further if we assume that the diagonal partons have the 
forms 



xq{x) — NgX xg[x) = NgX (18) 

which should be valid for very small x. Then the x' integration in (15) can be 
performed analytically, giving 

Hi{x,i) = 

with p = 1, 0 for i = q,g respectively, where the F,- are known in terms of N{ and 
Aj'. A full set of results can be found in [24] for the off-diagonal/diagonal ratios, 

Ri(x,^) = Hi{x,^)/Hi{x + tQ), (19) 

for which the only free parameter is A,-. In [24] the ratios and Rg are 

plotted as functions of x/^ for different values of A,-. The scale dependence of 
the off-diagonal distributions, Hi{x,^) of (3.3), and hence of the Ri, is hidden 
in the fF dependence of the A,-. Both \g and Xq increase with increasing [F , see 
Fig. 13 of [1]. 

3.4 Application to 7 *p — > V"p 

The above results are exactly what we need to describe vector meson production 
at HERA at large -y*p c.m. energies W. From (6) we see that xi is small and x^ 
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0, that is a: Ri The gluon is the relevant parton and the skewed distribution is 
larger than the conventional gluon by a factor 



R,{x = 0 






22^^+3r(Ag + |) 
-T(Ag, + 4) 



( 20 ) 



The cross section formula (5) may then be expressed in terms of the conventional 
gluon distribution g, 



da 

dt 



{■j*p Vp) 



= ... [RgXig{xi,p^)\ 



( 21 ) 



where all the off-diagonal effects are contained in the known (enhancement) 
factor R?g. Of course to calculate the cross section properly we must use the 
unintegrated gluon distribution and integrate over the transverse momenta of 
the exchanged gluons and of the q and q forming the vector meson, see [14], 

To obtain the scale dependence of 7?^, we first obtain the dependence of 
Ag of (18) from the behaviour of the gluon found in the global parton analy- 
ses. For example, the MRST partons [1] have Xg = 0.205 and 0.38 at = 4 
and 100 GeV^ respectively. The appropriate scale for the diffractive process 
l*[Q^)p ^{qq)p is + Q^/4. In this way, for diffractive J/ip and T 

photoproduction at HERA we find from (20) that the off-diagonal enhancement, 
R?g, is (1.15)^ and (1.32)^ respectively. However, for T photoproduction, x is not 
sufficiently small (~ 0.01) and we have to improve the assumption made in (18). 
If we take xg ~ *“^■’(1 — x)^ and perform the x' integration in (15) numerically, 
then we find an enhancement of (1.41)^ for T photoproduction [25]. Moreover 
note that the skewedness, and hence the enhancement, increase with Q'^. This 
is particularly noticeable in ~f*p — >■ pp, see [14]. 



3.5 Validity of the skewed — diagonal parton connection 

Before we can be sure that the skewed distribution H{x,^), at any scale, is fully 
determined at small by knowledge of the diagonal parton distribution, at 
the same scale, we must consider the points below. First, we have checked that 
the analytic continuation of the conformal moments Ojv in V is allowed [24]. A 
second consideration is that, from a formal point of view, we may add to the 
off-diagonal distribution any function which exists only in the ERBL-like region, 
|a:| < In [24] we show such a contribution is negligible O(C^) at small So far 
our distributions allow the calculation of the imaginary part of the amplitude for 
the process. At small x and ^ it turns out that the real part may be calculated 
easily using a dispersion relation in the c.m. energy squared, and that the 
amplitude 



A = ilmA 



1 -f 

1 -f cos ttA ’ 



( 22 ) 



where A oc (VF^)^. Finally we note that our result remains valid at NLO, since 
there is no conformal mixing for <C 1 ■ 
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3.6 Conclusions 

We conclude that, at small x,^, the skewed distributions are com- 

pletely known in terms of conventional partons. Thus data for processes which 
are described by such distributions can, in principle, be included in a conven- 
tional global analysis to better constrain the low x behaviour of the partons. 
In particular, data for diffractive vector meson production, -y*p —V Vp, which 
depend on the square of the gluon distribution, have the potential to put a tight 
constraint on the gluon at small x. Before this can be done it is necessary to 
calculate the NLO contributions. Finally here we have been concerned only with 
the skewed distributions in the small x domain. Skewed distributions, in general, 
have become an area of intense activity with a large literature (see, for example, 
[16,26,27] and references therein). 
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Abstract. The status of the resummation of small x contributions to the unpolarized 
and polarized deep inelastic structure functions is reviewed. 



1 Introduction 

The measurement of the nucleon structure functions in deep inelastic scattering 
provides important tests of the predictions of Quantum Chromodynamics (QCD) 
on the short-distance structure of nucleons. The experiments at the ep-collider 
HERA allowed to extend the kinematic region to very small values of x ~ 10“^ at 
photon virtualities of > lOGeV^ measuring the structure function F 2 {x,Q^) 
at an accuracy of 0(1%). These precise measurements allow dedicated tests of 
QCD. Also the polarized deep inelastic experiments approach smaller values 
of X with a higher accuracy. To obtain a description in this kinematic range 
potentially large contributions to the evolution kernels were studied during the 
last two decades and the resummations of ‘leading term’ contributions were 
performed. Here mainly two directions were followed. 

In one approach [1] a non-linear resummation of fan-diagrams of single lad- 
der cascades is performed in the double logarithmic approximation [2]^. Correc- 
tions of this type may ultimately become important at very small values of x to 
restore unitarity. Numerical studies of this equation were performed in Refs. [4]. 
One important assumption in the solution of this equation was that the non- 
perturbative input distributions for the V-ladder terms are given by the Nth 
power of the single gluon distribution at some starting scale. This would imply 
a strong constraint on the hierarchy of higher twist distributions. Later it was 
found [5] that the approximation [1] has to be supplemented by further color 
correlations even in the double logarithmic approximation, which cannot be cast 
into a non-linear equation anymore. As implied by the operator product ex- 
pansion, the contributions due to different twist renormalize independently. The 
corresponding input distributions are likely to be unrelated between the different 
twists. Still saturation effects of the structure functions at very small x may be 
caused due to higher twist contributions. However, the detailed dynamics is yet 
unknown. 

^ This approximation has to be considered as qualitative and leads often to an over- 
estimate of the scaling violations, cf. [3] . 
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Ladder equations also form the basis of other approaches. In a physical gauge 
the emission of gluons along a single ladder-cascade describes^ in leading order 
(LO) the evolution of a parton density as predicted by the renormalization group 
equation if the emissions along the ladder are strongly ordered in the transverse 
momentum fcj_ i <C ■■■k±^i <C If these emissions are evaluated in the 

approximation xi ^ ...Xi ^ Xj+i... instead, using effective vertices, one obtains 
the BFKL-resummation [6] in LO. This particular aspect led sometimes to the 
impression that these two approximations were of competing nature. As we will 
show below this is, however, not the case as far as the description of the scal- 
ing violations of structure functions are concerned. One may study this process 
under a more general point of view and consider angularly ordered emissions cov- 
ering both the above cases [7], which allows for interesting applications through 
Monte Carlo studies. Whereas this unified treatment is possible at LO, higher 
order corrections cannot be cast into this form in general. The renormalization 
group equation for the mass singularities, on the other hand, allows to perform 
consistent higher order calculations beyond these approximations accounting for 
the resummation of the small x contributions in the anomalous dimensions and 
coefficient functions. 

In the second main approach these resummations are studied. Resummations 
were performed in leading order for the unpolarized singlet case [6,8], the non- 
singlet structure functions [9,10], and the polarized singlet distributions [11]. 
Applications were studied in the case of QED for the flavor non-singlet con- 
tributions to radiative corrections [12,13]. The quarkonic next-to-leading order 
(NLO) contributions in the unpolarized singlet case were calculated in [14]. Re- 
cently also the NLO resummed gluon anomalous dimension [15,16] in the DIS-Qo 
scheme [17] was obtained. If the evolution kernels are written in terms of a series 
in as/ (N — Ns), where Ng denotes the position of the leading pole, the individual 
terms are large and require resummation. 

One of the central questions for the understanding of the deep inelastic struc- 
ture functions at small x is therefore to analyse the impact and role of these small 
X resummations and their potential corrections in even higher order. These terms 
have to be viewed in comparison with the known fixed order results used in the 
current analyses of the scaling violations of the twist-2 contributions to the 
structure functions. 

In the present paper we review the status of the latter resummations and 
their impact on the scaling violations of deep inelastic structure functions. 

2 The Evolution Equations 

The twist-2 contributions to the structure functions in inclusive deep-inelastic 
scattering can be described in terms of the QCD-improved parton model. Their 
scaling violations are governed by renormalization group equations which can be 
formulated to all orders in the strong coupling constant. All small x resumma- 
tions are based on perturbative QCD. As in the fixed order calculations one has 

^ The virtual contributions have to be added. 




44 



J. Bliimlein 



to factorize the collinear or mass singularities, which are absorbed into the non- 
perturbative input distributions. The soft- and virtual singularities cancel order 
by order according to the Bloch-Nordsiek theorem. A second renormalization 
group equation describes the scale dependence of the strong coupling constant 
as(/x^). The perturbative all-order small x resummations may turn out to yield 
important contributions to the scaling violation of the deep inelastic structure 
functions. Predictions on the shape of the parton densities at small x are, how- 
ever, beyond a perturbative treatment, even in resummed form, since generally 
low scales are involved and partonic approaches have to fail. 

The small x resummations can be tested with respect to their prediction 
on the scaling violations of deep inelastic structure functions as F 2 {x,Q^) and 
Fl{x,Q^). The evolution equations for the parton densities fi{x,fj,^) are given 

by 

d 

= P^{x,as)(^ fj{x,n^) . ( 1 ) 

Here 0 denotes the Mellin convolution. The splitting functions Pij{x, Qs) contain 
besides the completely known LO and NLO contributions the LO and NLO small 
X resummed terms to all orders in = as/(47r). 



P^j{x,as) = asP^f{x) + a‘^,Pj;p 



(x) 



OO 






ij,x—¥0 



(x) 



fc+2 p(^) 



fc=2 



ij,x—¥0 



(x) . 
( 2 ) 



Similarly, the coefficient functions take the form 

Ci (^x, = (5i,(5(l - x)oscf^(a;) -I- alc[^\x) 

OO OO 

+ E + E ■ ( 3 ) 

k=2 k=2 



In this way the effect of the small x resummations is consistently included. As 
these contributions do not a priori account for Fermion number and energy- 
momentum conservation these conditions have to be imposed for the contribu- 
tions beyond O(a^). The structure functions Fa{x,Q^) are finally obtained as 



Fa{x,Q'^) = Cq^A 





+ Cg^A 





( 4 ) 



The factorization scale dependence (/x^) cancels order by order. 



3 Small X Resummation of the Anomalous Dimensions 

All resummations studied below are based on scale-invariant equations in leading 
order. If one considers the renormalization group equation for an operator matrix 
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element 



d ^ d d 



E^ = 0 



(5) 



scale invariant solutions are obtained in the massless case (m = 0) and if the 
/3-function is set to zero : 






EM) 




( 6 ) 



Within this approach the coupling constant as is fixed. The scale invariant part 
of the anomalous dimension has the representation 



70 , 



n7<z> = 

1^1 



(7) 



and exponentiates to all orders. The representation (6) applies also for higher 
order resummations under the above requirements. In this way one may derive 
in the different subsequent resummations the LO small x resummed anomalous 
dimensions. In higher than LO scale breaking effects emerge in QCD. Therefore 
a thorough treatment along these lines is no longer possible. Still one may try to 
identify those contributions of the anomalous dimension which are scale invariant 
applying a diagonalization as in (6). 



4 Less Singular Terms 

For most of the applications only the resummation of the leading singular terms 
is known. The contributions which are less singular by one or more powers in 
N may yield substantial contributions. This has been known for long [18,19], cf. 
also [20], and can easily be seen in the case of Fl{x, in 0{as) as an exam- 
ple. If one disregards the second factor in the leading order coefficient function 
= Cg^'^x'^{l — x) in view of a small x approximation the value of Fj^ may be 
overestimated by a factor of four [18]. 

To get an estimate of the effect of the terms suppressed by one order or more 
orders in the Mellin moment N one may study some models. The possible size of 
these terms may be inferred expanding the LO and NLO anomalous dimensions 
and coefficient functions into series in 1/iV comparing the expansion coefficients. 
Estimates of this kind were performed in [3,10,12,13,21,22,23,24,25]. Possible 
ansatze for the next order terms are 

r{N,as)^r{N,as)-F{l,as) 

r{N,as) ^ r{N,as){l-N) 

F{N,as) ^ F{N,as){l-N)^ 

r{N, as) ^ F{N, a,)(l - 2N + N^) . 



(8) 
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If one formally expands the LO and NLO anomalous dimensions in the above 
manner one finds [3], irrespectively of the factorization scheme, that at least 
four expansion terms are needed to represent the exact result on the 5% level, 
cf. figure 1. If one compares the respective NLO resummed coefficients with the 
LO resummed ones in the cases they were calculated even larger effects than 
indicated by the above estimate are found (see below). 



2 
1.5 
1 

0.5 
0 

-5 -4 -3 -2 -1 

10 10 10 10 10 

X 

Fig. 1. Different approximation steps in the 1/(N — 1) expansion of the complete LO 
unpolarized singlet distribution over four orders (Lx, NLxg, NLx, NNLx), cf. Ref. [3]. 
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5 Non— Singlet Structure Functions 

The most singular contributions to the Mellin transforms of the structure- 
function evolution kernels K^{x,a) at all orders in a can be obtained from 
the positive and negative signature amplitudes f^{N, a) studied in [9] for QCD 
via 

M [K,Lo(«)] (^) = . 

(9) 

These amplitudes are subject to the quadratic equations: 

/o+(fV,a) = leTT^ao^ + 8^^ [/o^(^>a)]^ . (10) 

/o"(IV,a) = 167r2ao^+86(C^/+(Af,a) + ^L[/-(7v,a)]^ . (11) 

Here fy {N, a) is obtained as the solution of the Riccati differential equation 
/+(fV,a) = 167r2ay^+26v^J^/+(iV,a) + ^L [/+(7v,a)]" . (12) 
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The coefficients Oi and bi in the above relations read for the case of QED, cf. 
sect. 7, 



ao = 1, bg = 1, av = 1, by = 0, 



(13) 



and for QCD [9] 



ao = Cp, bg =Cf, 

with Cf = 4/3 and Ca = Nc = 3. In QED Eq. (12) further simplifies to an 
algebraic equation with the same coefficients as (10). The solutions of (10) and 
(11) were derived in [9] for the QCD case^. They are given by 



rt^o(N,a) = -N 




(15) 



r-^g{N,a) = -N 




SqCf 

iV2 



1 - 



8aNc d 
N dN 



In {e^C^D_i/[ 2 N^](z)) 



where 2 : = N/y/2Nca, and Dp{z) denotes the function of the parabolic cylinder. 




Fig. 2. The small-x Q^-gvolution of the unpolarized non-singlet structure function 
combination — F 2 " in NLO and the absolute corrections to these results due 
to the resummed kernel. The initial distributions were chosen at Qq = 4 GeV^, 
cf. Refs. [10,12]. 

Numerical results on the impact of the small x resummations were obtained 
in Refs. [10,12]. The new terms contribute at 0{al) and higher. If compared 
to the fixed order contributions in NLO the effect is of 0(1%) or less, which is 
shown for the scaling violations of — i/f" in Fig. 2. Other examples as for xFg 

Note a few misprints in Eq. (4.7) of ref. [9]. 
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and the ±-evolutions for polarized non-singlet structure functions show a rather 
similar behaviour. Comparable results were obtained in Ref. [26]. The effect is 
expected to be rather small due to the typical shape of the input distributions 
in the non-singlet case. The size of the (small) correction does further vary 
significantly in dependence of the inclusion of less singular terms, cf. sect. 4, or 
if conservation laws are imposed. Large effects as anticipated in Refs. [27,28] are 
not confirmed. 



6 Polarized Singlet Structure Functions 



The LO small x evolution kernels in the case of the polarized singlet evolution 
were derived in [11]. The resummed splitting function is given by 

OO - 

P(a;,a,) ^^Piloai+ilog2'x= ^M-i[Fo(iV,a,)](x). (16) 

1=0 ^ 



The matrix valued function Fq{N, ag) is obtained as the solution of 

Po(iV, ag) = 167t2^ Mo - ^ Ps(iV, a,) ^ ^ P^(iV, ag) (17) 

with 



Fs{N, ag) = 167t 2^ Mg + Fs{N, a,) + 

where 






(18) 



Mo = 



f Cf -2TnNf\ 

\2Cf ^Ca ) 



Ms 



(Cf-CaI2 -TrNA 
V Ca 2Ca ) 



Go = 



(Cf 0 \ 

V 0 Ca)' 
(19) 



Eq. (16) obeys [21] 

P^)/{TRNf) = -P()/Cf 



( 20 ) 



to all orders, where Tr =1/2 and Nf denotes the number of flavors. The lead- 
ing contributions of the fixed order results in LO and NLO (MS) are correctly 
described. In the supersymmetric limit Ca = Cf = N f = 1 ,Tf = 1/2 the 
relations 



P^)+pO)=P^)+P^) (21) 

are obeyed for all I and Eq. (16) can be given in a simple analytic form [21]. 

The impact of the resummation (16) on the evolution of the polarized sin- 
glet and gluon density and the structure function gi{x,Q'^) have been stud- 
ied in Ref. [21]. As shown in Fig. 3 the corrections are much larger than the 
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Fig. 3. The evolution of the polarized quark singlet and gluon momentum distri- 
butions evolving from Qq = 4GeV^, Ref. [21]. 



0((os In^ a;)^) corrections in the non-singlet case. Taking into account less sin- 
gular terms of the type 



^ • (1 - , ( 22 ) 

as suggested by the analytic structure of the fixed order LO and NLO anomalous 
dimensions, this enhancement reduces, however, again to the value of the fixed 
order evolution in NLO (dotted line in Fig. 3). 



7 QED Corrections 

The non-singlet small x resummation was applied to resum the 0{{alog^ xY) 
terms in the QED corrections to deep inelastic scattering in Ref. [13]. These 
corrections are negative and amount to 0(10%) in the high y range for x = 
10“^. ..10“^, see Fig. 4. 

They diminish the 0((a log{Q‘^ /m^)Y) corrections which are very large in this 
domain. The first non-trivial contribution of 0{a^ log^ x) is in agreement with 
the result found in [29]. From the latter calculation also the next less singular 
term of 0{a^ log(cc)) can be derived. Up to this term the evolution kernel reads 
(a = o;/(47r)) 



M[P,^o]{N, a) 



_ ^0 — 
N iV3 




(23) 



If compared to the case of QCD this less-singular term is stronger suppressed. 
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Fig. 4. 2nd and higher order QED initial state radiative corrections to deep inelastic 
ep scattering. Dashed line: small x resummed contribution, dash-dotted line: LO con- 
tributions up to O(a^) and soft photon exponentiation, full line: resulting correction. 
Ref. [13]. 



8 Unpolarized Singlet Distributions 



The LO resummation for the evolution kernel of the unpolarized singlet distri- 
butions was derived in [6]. Jaroszewicz [8] showed that the eigenvalue 

(iV - 1) = [2V’(1) - i’i'lL) - ^(1 - 7i)] (24) 

7T 7T 

represents the LO resummed gluon-gluon anomalous dimension = Imi (N, a^). 
The resummed LO gluon-quark anomalous dimension is given by 'jg^{N,as) = 
{Cp/Ca)il and the quarkonic terms do not contribute in 0{{ag/{N — l))b 
Eq. (24) can be solved iteratively demanding ^l{N, Qs) — 1- as/{N — 1) as | A^| — >■ 
oo for N e C, which selects the physical branch of the resummed anomalous 
dimension, 



7 l = lgg,o{N,as) = 



N-1 



l + 2j2C2i+ilfg+o\N,a.) \ . 



(25) 



1=1 



Here we rewrite as = Ncas/n. 7 l has the serial representation 



7sg,o(-^j CTs) — 



IV- 1 



■2C3 



1 



■2C5 



fV- 1 



I2C3 



fV- 1 



( 26 ) 
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Under the above conditions one may calculate 7 l(A^, Ug) in the whole complex 
plane. It is a bounded function of p = (N — l)/a.s, the singularities of which are 
branch points at [30,22] 

pi=41og2, P 2.3 = -1-41048 ± 1.97212 i, (27) 

cf. [30,3] for detailed representations. The LO BFKL anomalous dimension pos- 
sesses no poles. Since the known NLO resummed anomalous dimensions are 
functions of 7 z,(iV, Og) which introduce no further singularities the contour inte- 
gral around the singularities of the problem has to cover the three BFKL branch 
points, the singularities of the input distributions along the real axis to the left 
of 1 , and the remaining singularities of the fixed order anomalous dimensions 
at the non-positive integers [30,3]. Note, that the resummed form of 7 i(iV, Og) 
removes all the fixed-order pole singularities of Eq. (26) into branch cuts. Any 
finite correction to may thus lead to essential changes of the corresponding 
numerical results. Early numerical studies on the impact of the LO resummed 
anomalous dimensions were performed in [31]. More recent analyses have been 
performed in Refs. [3,22,23]. 

The next-to-leading order resummed anomalous dimensions are given by 



Xnl{N, cts) = —2 1 


(Cp 

Ca 


_ 


8 T 1 


^nl\ 

'Q9 1 










1 




\^gq 






^99 / 



with Tp = TpNf. The quarkonic contributions were calculated in Ref. [14], 
as well as the resummed coefficient functions C 2 {N,as) and cz,(iV, Og). Recently 
was derived in [15,16] and 7 ^^ is yet unknown^. In the DIS-scheme 7 ^^ 
is found to be an analytic, scale-independent function of Jl{N, as) and reads 



NLMIS 



(iV, «g) = Tp 



as 2 + 37l - 37 I [B{1 - 7 ;, 1 -|- 7 ^)]^ 
67t 3 - 2'fL B{2 + 2 jl, 2 - 2jp) 



R{1l), (29) 



where 

R{i) = 



A(1 -7)Xo(7) 

-7A(l-k7)Xo(7)J 



1/2 



exp 



7V'(l) 






Xo{z) 



(30) 



The NLO resummed gluon anomalous dimension 7 ^^ was calculated in the 
(5o“Scheme®. One has to solve the Bethe-Salpeter equation 



{N -l)GN{qi,q2) = 5^ ^( 91 - 92 )+ J ^93A^(9i,92)Gjv(93,92) (31) 

with 

-^(91592) — ^ (91 q 2 ) 2 (jj{qi) Aureal (91 ; 92) 4 ” ATvirtual( 9 l) 92)- (^ 2 ) 

^ As pointed out in Ref. [3] its quantitative influence is likely to be minor. 

® For a transformation into the DIS-scheme cf. [3]. 
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For q\ ^ one diagonalizes as in the LO case using formally the same ansatz : 



‘^dq2K{qi,q2) {qiy ^ = a 









7-1 



(33) 



Here the scale-invariant LO eigenvalue 05 X 0 ( 7 ) is supplemented by the NLO 
correction term {a1/4)d{'-f,q‘l, 






-(^f- 2C(2) - xo(7) + 4<?(7) - 

7T^ COS (Try) 



sin^(7T7) 

7(1-7) 



sin^(7T7) 1 — 27 L 
-yXo(7) 



( 22-^°)+(1 + 27 )( 3 - 27 ) 1 ^+^ 





'Po d' 




6 dj 



[xo(7) + Xo(7)] - 6 C 3 , (34) 



with 

dr 

<P{j)= / — [z^-i+^^][Li(l)-Li(z)] . 
Jo Z 



(35) 



Whereas the contributions in the first two lines of Eq. (34) do contain con- 
tributions to the anomalous dimension up to 0{a^) the third line contributes 
only in three-loop order. The former terms are scale-invariant and are in agree- 
ment with the known fixed order results. Eq. (34) therefore makes a prediction 
on the small x contributions of the yet unknown gluon anomalous dimension 
in three-loop and higher order, which will be tested in the future. Besides the 
scale-dependent term (/3q/3)xo(7) log(Q^/^^) also the second addend depends 
on the choice of scales, since it is not invariant against the interchange of qf and 
q 2 , cf. [16]. The third addend 6 C 3 , being numerically large, contains contributions 
of the gluonic contribution to the trajectory function uj{qf). The result given in 
Ref. [32] was confirmed in a different calculation by Ref. [33] . A departing value 
was reported in [34]. 

Numerical results on the impact of the leading and next-to-leading anoma- 
lous dimensions and coefficient functions were provided in a series of detailed 
studies, see e.g. [22,3,25] and references therein. The matrix formalism for the so- 
lution of the all order evolution equations, extending a first approach in Ref. [35] 
to all orders, both for hadronic and photon structure functions, is described in 
Ref. [3] in detail. The quarkonic contributions lead to a strong enhancement of 
both F 2 {x, Q^) and Fl{x, at small x during the evolution. However, already 
simple choices for the yet unknown less singular contributions diminish these 
effects sizably so that a final conclusion cannot be drawn at present. In the case 
of the resummed gluon anomalous dimension the NLO contributions are found 
to be extremely large and negative. The large rise due to the LO BFKL term 
is already canceled to the level of the fixed order contributions by the purely 
quarkonic contribution to 7 ^^, see Fig. 5. Adding also the gluonic contribu- 
tion leads to negative values for the resummed splitting function already for 
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Fig. 5. Different contributions to the resummed splitting function xPgg{x,aa) in the 
DIS-scheme (overlayed), Ref. [25]. 



as = 0.2 and x ~ 0.01 which has to be regarded as unphysical. The LO and 
NLO resummed contributions to the gluon anomalous dimension seem to repre- 
sent the first terms of a diverging series, which might be eventually resummed. 
This can, however, only be achieved reliably if several more less singular series 
are calculated completely, but not at the present stage. 



9 An Exactly Soluble Model 



The effect of potential subleading contributions to the LO anomalous dimension 
was estimated in the previous sections in the case of QCD. In theory in D = 6 
dimensions these terms can be determined in explicit form, (j)^ theory is rather 
similar to QCD (gluo-dynamics) due to the triple boson interaction and being an 
asymptotic free field theory. The leading order resummed anomalous dimension 
can be calculated for all values of x solving the Bethe-Salpeter equation [36] 



T{p,q) = 



-,2-D 



>2 






7r^/2r((D-2)/2) (p-g)2 (27 t) 



D 



d^k- 



T{k,p) 

\q-k)^{k‘^f 



(36) 



with q^,p^ < 0, q the momentum transfer and p^ a hadronic mass scale. For 
D = 6 the quantity q.p T{p,q) is scale invariant and one may expand Eq. (36) 
into partial waves with 



/ 2\-(-'V+1)/2 / 2\-7i(W,Os)/2 

p.qTM{p,q)=y-^j > ( 37 ) 



where Og = Ag/(47r)^ = const. The anomalous dimension 7 l(A^, as) is given by 



7l( 1V, ag) = ^(iV + 2)2 + 1 - 2^{N + 2)2 _ (TV + i) . (38) 
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Note that 7 l(A^, Og) possesses no poles but only branch cuts for N e C. The 
anomalous dimension covers all conformal contributions in leading order. 
If one expands this quantity it yields in first order in Og the complete leading 
order anomalous dimension 'y^gg(N), up to an eventual term due to 4-momentum 
conservation which is easily imposed, 

IssW = “(iv+ l)(AT + 2 ) 6 ■ 

Furthermore, all the fixed-order leading poles at fV = — 1 are resummed in this 
representation. This has been verified by an explicit calculation up to 3-loop 
order [37]. The complete NLO fixed order anomalous dimension reads [37] 

122+llliV + 211fV2_^138iV3 + 28iV4 ^ 5 Si{N) 

6 (iV+l)3(Af + 2)3 3(iV + l)(fV + 2) 

2 [! + (-!) ] (fV + l)2(iV + 2)2 ^ 

One may now derive from Eq. (38) the small-a; resummed anomalous dimen- 
sion, covering the fixed-order leading pole contributions only 



li'kN) = - 



7l“ 



'(iV,ag) 



(iV + 1) 




4og 

(iV+l)2 



- 1 



(41) 



which again contains no poles for all N e C. This quantity corresponds to the 
LO BFKL anomalous dimension in QCD. 

In deriving (41) one obtains as well the respective resummed subleading 
terms. As was shown in Ref. [37] the weight coefficient of these terms are of 
alternating sign with growing coefficients, which indicates already that the re- 
summation of the leading pole terms {N = — 1) does not yield the dominant 
contribution. This is expected, since neither 7 l(N, Ug) nor 7 ^“*'“^(N, Ug) have a 
pole singularity - as is also the case in the LO BFKL resummation, where a sim- 
ilar behaviour might be expected. Fig. 6 shows the behaviour of the respective 
splitting functions after the Mellin transform to a;-space, normalized to the lead- 
ing order splitting function Pq{x) = 2x(l — x). P£“*'3(a;, Ug) is nowhere dominant 
and departs encreasingly from the complete solution PL{x,as) as x — >■ 0. 



10 Conclusions 

As in the case of the fixed order calculations the renormalization group equation, 
through which the factorization of the mass singularities is described, implies the 
evolution equations for the parton densities including the resummation of the 
small X terms. Due to the Mellin convolution between the respective evolution 
kernels and the extended input distributions the detailed knowledge of the ker- 
nels at medium x is as important. This is particularly the case for input densities 
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Fig. 6. Fixed-order and resummed splitting functions P{x,aa), normalized to 
aaPg^g(x), for Ua = 0.2. Dash-dotted line : P = ciaP^s solid line : P = Pl\ 

dashed line : P = Pl^°, Ref. [37]. 



with a large rise towards small x, as the gluon distribution. Less singular con- 
tributions to the evolution kernels turn out to have a sizable impact onto the 
scaling violations. In the example of 4>q theory these contributions were calcu- 
lated for the leading order resummation and turn out to be even more important 
than the leading pole terms {N = —1). The reason for this behaviour is that the 
resummed anomalous dimension, as also the resummed (N = — l)-fixed-order 
pole contribution, possess no poles anymore. This is also the case for the leading 
order resummed BFKL anomalous dimension and the known resummed NLO 
contributions. 

In a quantitative description of the scaling violation of structure functions 
the conservation laws as Fermion number conservation in the non-singlet case 
and energy-momentum conservation have to be obeyed. These integral relations 
imply strong relations between the small x and medium x contributions also for 
the resummed evolution kernels. A study of the known fixed-order results in 
leading and next-to-leading order shows furthermore that the evolution kernels, 
if approximated in a leading pole representation, require to take into account at 
least four orders which is likely to be the case for the small x resummed terms 
as well. The conformal part of the known terms of the small x resummations 
behaves stable but is not necessarily dominant. 

An important future check of the small x resummed calculations is their 
prediction of the leading and next-to-leading order small x contributions to the 
3-loop anomalous dimensions, which are yet unknown. The intimate interplay 
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between small and medium x effects requires to continue consistent calculations 
of the anomalous dimensions and coefficient functions to even higher order and 
to compare these results with the scaling violations measured by experiment. 
Acknowledgement. For discussions I would like to thank A. Vogt, V. Ravin- 
dran and W.L. van Neerven. This work was supported in part by EC contract 
FMRX-CT98-0194. 
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Abstract. In this talk we discuss how deeply the region of high parton densities has 
been studied experimentally at HERA. We show that the measurements of deep in- 
elastic structure functions at HERA confirm our theoretical expectation that at HERA 
we face a challenging problem of understanding a new system of partons: quarks and 
gluons at short distances with so large densities that we cannot treat this system 
perturbatively. We collect all experimental indications and manifestations of specific 
properties of high parton density QCD. 



1 What Are Shadowing Corrections? 

In the region of low x and low we face two challenging problems which have 
to be resolved in QCD: 

1. The matching of “hard” processes, that can be successfully described in per- 
turbative QCD (pQCD), and “soft” processes, that should be described in 
non-perturbative QCD (npQCD), but actually, we have only a phenomeno- 
logical approach for them; 

2. The theoretical approach for the high parton density QCD (hdQCD) which 
we reach in the deep inelastic scattering at low x but at sufficiently high 

In this kinematic region we expect that the typical distances will be small 
but the parton density will be so large that a new non perturbative approach 
shall be developed for understanding this system. 

We are going to advocate the idea that these two problems are correlated 
and the system of partons always passes the stage of hdQCD before ( at shorter 
distances ) it goes to the black box, which we call non-perturbative QCD and 
which, practically, we describe in old fashion Reggeon phenomenology. In spite 
of the fact that there are many reasons to believe that such a phenomenology 
could be even correct, the distance between the Reggeon approach and QCD is 
so large we are loosing any taste of theory doing this phenomenology. In hdQCD 
we still have a small parameter ( running QCD coupling as ) and we can start to 
approach this problem using the developed methods of pQCD [1]. However, we 
should realize that the kernel of the hd QCD problems is a non-perturbative one, 
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and therefore, approaching hdQCD theoretically we are preparing new training 
grounds for searching methods for npQCD. 

First, let me recall that DIS experiment is nothing more than a microscope 
and we have two variables to describe its work. The first one is the resolution of 
the microscope, namely. Ax fti 1/Q where is the virtuality of the photon. It 
means that our microscope can see all constituents inside a target with the size 
larger that Ax. The second variable is time of observation. It sounds strange 
that we have this new variable, which we do not use, working with a usual light 
microscope. However, we are dealing here with the relativistic system which 
can produce hadrons (partons). So, for everyday analogy, wc should consider 
rather a box with flies which multiply and their number is, certainly, different 
in different moments of time. To estimate this time we can use the uncertainty 
principle At oc l/AE where AE is the change of energy, namely, AE = EiniUai — 
E final, and for a system of quark and antiquark AE = 90 — </i — </2 — </o — 9 = 
~ where rn is the mass of the target and qo and q is the 

energy and momentum of the virtual photon. Finally, t = 1/mx with x = 
where W is the energy of the photon - target interaction. 

Therefore, the question, that we are asking in DIS at low x, is what happens 
with constituents of rather small size after a long time. It is clear that the number 



of these constituents should increase since in QCD each parton can decay in two 
partons with the probability Pi = where E{ and fc,- are energy 

and momentum of an emitted parton i. 

This growth we can describe by introducing the so called structure function 
[xG{x, Q^)) or the number of partons that can be resolved with the microscope 
with definite and x. Indeed, 



d^xG{x, Q‘‘) 
51n(l/a;)51nQ2 



Ngas 

7T 



xG(x, Q^) 



( 1 ) 



This equation is the DGLAP [2] evolution equation in the region of low x. It has 
an obvious solution xG{x,Q^) cc exp \n(\/x) \xi[Q'^/Qq^. There- 

fore, we expect the increase of the parton densities at 2 ; — t 0. 

In Fig. 1 we picture the parton distributions in the transverse plane. At a; 1 
there are several partons of a small size. The distance between partons is much 
larger than their size and we can neglect interactions between them. 

However, at a; — )■ 0 the number of partons becomes so large that they are 
populated densely in the area of a target. In this case, you cannot neglect the 
interactions between them which was omitted in the evolution equations ( see Eq. 
(1) ). Therefore, at low x we have a more complex problem of taking into account 
both emission and rescatterings of partons. Since the most important in QCD is 
the three parton interaction, the processes of rescattering is actually a process 
of annihilation in which one parton is created out of two partons (gluons). 

Therefore, at low x we have two processes 
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1. The emission induced by the QCD vertex G G ^ G with the probability 
which is proportional to ag p where p is the parton density in the transverse 
plane , namely 

xG(x, 

where ttB? is the target area; 

2. The annihilation induced by the same vertex G+G -> G with the probability 
which is proportional to ascTop"^, where as is probability of the processes 
G + G G, (To is the cross section of two parton interaction and cq oc 

(To p gives the probability for two partoiis to meet and to interact, while 
ocso'o p"^ gives the probability of the annihilation process. 

Finally, the change of parton density is equal to [1] [3] 



( 2 ) 



d'^p{x,Q'^) 

d\n{l/x)d\nQ'^ 



'-p{x,Q‘^ 






or in terms of the gluon structure function 



d‘^xG{x,Q'^) 
51n(l/a;) d\nQ^ 



NcOs 

TT 



xG{x, Q^) 






{xG{x,Q'^)Y , 



( 4 ) 



where 7 has been calculated in pQCD [3]. 

Therefore, Eq.( 4 ) is a natural generalization of the DGLAP evolution equa- 
tions. The question arises, why we call such a natural equation for a balance 




Fig. 1. Parton distribution in the transverse plane 
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of partons due to two competing processes shadowing and/or screening correc- 
tions (SC). To understand this let us consider the interaction of the fast hadron 
with the virtual photon at rest ( Bjorken frame ). In the parton model, only the 
slowest ( “wee” ) partons interact with the photon. If the number of the “wee” 
partons N is not large, the cross section is equal to aQ,N . However, if we have 
two “wee” partons with the same energies and momenta, we overestimate the 
value of the total cross section using the above formula. Indeed, the total cross 
section counts only the number of interactions and, therefore, in the situation 
when one parton is situated just behind another we do not need to count the 
interaction of the second parton if we have taken into account the interaction of 
the first one. It means that the cross section is equal to 

o-fot = o-oiV { 1 - } , (5) 

where R is the hadron radius. One can see that we reproduce Eq.( 4 ) by taking 
into account that there is a probability for a parton not to interact being in a 
shadow of the second parton. 



2 What Have We Learned about Sreening Corrections? 

During the past two decades high parton density QCD has been under the close 
investigation of many theorists [1] [3] [4] [5] and we summarize here the result of 
their activity. 



• The parameter which controls the strength of SC has been found and it is 
equal to 



3 xG{x,Q'^) 

2g2 ^ t^R2 



(To X p{x, Q2) . 



( 6 ) 



The meaning of this parameter is very simple. It gives the probability of 
interaction for two partons in the parton cascade or, better to say, a packing 
factor for partons in the parton cascade. 

• We know the correct degrees of freedom at high energies: colour dipoles [6]. 
By definition, the correct degrees of freedom is a set of quantum numbers 
which mark the wave function that is diagonal with respect to the interaction 
matrix. Therefore, we know that the size and the energy of the colour dipole 
are not changed by the high energy QCD interaction. 

• A new scale Ql{x) for hdQCD has been traced in the pQCD approach which 
is a solution to the equation 

STT^a, xG{x,Ql{x)) 

' = " ,R? = ' ^ 



This new scale leads to the effective Lagrangian approach which gives us a 
general non-perturbative method to study hdCD. 
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• We know that the GLR equation ( see Eqs.( 3 ) and ( 4) ) describes the 
evolution of the dipole density in the full kinematic region [7]. We understand 
that the Mueller-Glauber approach for colour dipole rescattering gives the 
initial condition to the GLR equation. 

• The new, non-perturbative approach, based on the effective Lagrangian [5], 
have been developed for hdQCD which gives rise to the hope that hdQGD 
can be treated theoretically from first principles. 

• We are very close to understanding of the parton density saturation [1]. 

In general, we think that the theoretical approach to hdQCD in a good shape 
now. 

3 The HERA Puzzle: Where Are the Sreening 
Corrections? 

The wide spread opinion is that HERA experimental data for > 1 GeV'^ can 
be described quite well using only the DGLAP evolution equations, without any 
other ingredients such as shadowing corrections, higher twist contributions and 
so on ( see, for example, the reviews [8] ). On the other hand, the most important 
HERA discovery is the fact that the density of gluons (gluon structure function) 
becomes large in the HERA kinematic region [8] [9]. The gluon densities extracted 
from HERA data are so large that the parameter k ( see Eq.( 6) ) exceeds unity 
in a substantial part of the HERA kinematic region (see Fig. 2a ). Another way 
to see this is to plot the solution to Eq.( 7) ( see Fig. 2b). It means that in 
a large kinematic region k > 1 ( to the left from the line k = 1 in Fig. 2b), 
we expect that the SC should be large and important for a description of the 
experimental data. At first sight such expectations are in clear contradiction 
with the experimental data. Certainly, this fact gave rise to the suspicion or 
even mistrust that our theoretical approach to SC is not consistent. However, 
the revision and re-analysis of the SC , as has been discussed in the previous 
section, have been completed with the result, that k is responsible for the value 
of SC. 

Therefore, we face a puzzling question; where are the SC?. Actually, this 
question includes, at least, two questions: (i) why SC are not needed to describe 
the HERA data on F 2 , and (ii) where are the experimental manifestation of 
strong SC. The answers for these two questions you will find in the next three 
sections but, in short, they are; SC give a weak change for F 2 in the HERA 
kinematic region, but they are strong for the gluon structure function . We 
hope to convince you that there are at least two indications in the HERA data 
supporting a large value of SC to the gluon density: 

1. xp - behaviour of the cross section for diffractive dissociation (cr^^) in DIS; 

2. - behaviour of F 2 -slope ( ^ ^ )• 
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Fig. 2a 



Fig.2b 



Fig. 2. Parameter k and new scale Qo{x). 



4 SC for F 2 

It is well known, that the 7 * - hadron interaction goes in two stages: (i) the 
transition from virtual photon to colour dipole and (ii) the interaction of the 
colour dipole with the target. To illustrate how SC work, we consider the Glauber 
- Mueller formula which describes the rescatterings of the colour dipole with the 
target[ 10 ]: 



+ F2{xb, Qq) , (8) 

where 5(6t) = e is the target profile function in the impact parameter repre- 
sentation and I k(xb,Q''^) = = 4/(3^) is the cross section of the dipole 

scattering in pQCD. 

One can see that Eq.( 8 ) leads to 



F2(xb,Q^) ^ . (9) 

However, we are sure that the kinematic region of HERA is far away from the 
asymptotic one. The practical calculations depend on three ingredients: the value 
of , the value of the initial virtuality Qq and the initial F 2 at Qq . We fix them as 
follows: B? — 10 GeV~"^ which corresponds to “soft” high energy phenomenology 
[lllQl = 1 Gel/2 and Ql) = F^^^‘^\xb,QI = 1 GeV'^). Therefore, 

the result of the calculation should be read as “SC for colour dipoles with the 
size smaller than r\ < AjGeV'^ are equal to ...” 

From Fig. 3 one can see that the SC are rather small for F 2 but they are 
strong and essential for the gluon structure function. It means that we have to 





K values 




y=ln(1/x) 



Results: 



• SC are large for 
xG{x,Q‘^) but their 
values do not depend on 
the way how we take SC 
into account; 



• SC are rather small for 

F2 ; 




in the HERA kinematic region . 
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look for physical observables which will be more sensitive to the value of the 
gluon structure function than F2. 



5 xp- Dependence of 



One of such observables is the cross section of the diffractive dissociation and, 
especially, the energy dependence of this cross section. 

Data: Both HI and ZEUS collaborations [8] found that 






a 



1 



fi2^f 



(10) 



where Ap — ap(0) — 1 and the values of ap(0) are: 



• HI [12] : ap(0) = 1.2003 ± 0.020(stat.) ± 0.013(sys) ; 

• ZEUS [13] : Qp(0) = 1.1270 ± 0.009(stat.) ± 0.012(sys) . 

It is clear that the Pomeron intercept (o;p(0)) for diffractive processes in DIS is 
higher than the intercept of the “soft” Pomeron [11]. 

Why is it surprising and interesting? To answer this question we have 
to recall that the cross sections for diffractive production of a quark-antiquark 
pair have the following form in pQCD [14] [15]: 



do'J)D 


(7* 9 + ?) 

— cx 

ax pat j 


dki 

Li " 


Xp G{xp, j 


(11) 


dajyp 


(7* -t 9 + 7) 


1 

||-tO 

C 


X P G (^X P y ^ 


(12) 




1 1 

ax pat 


hi 


kl 



PTom Eqs.( 11) and ( 12) you can see that the k± integration looks quite dif- 
ferently for a transverse or a longitudinal polarized photon: the latter one has 
a typical log integral over kx_ while the former has the integral which normally 
converges at small values of k±. We have the same property for the production 
of a more complex system than qq, for example qqG [15]. Therefore, we expect 
that the diffractive production should come from long distances where the “soft” 
Pomeron contributes. However, the experiment says a different thing, namely, 
that this production has a considerable contamination from short distances. How 
is it possible? As far as we know, there is the only one explanation: SC are so 
strong that xG{x, k\) cc (see Eq.( 9) ) Substituting this asymptotic limit 

in Eq.( 11) one can see that the integral becomes convergent and it sits at the 
upper limit of integration which is equal to = Ql(x). 

Finally, we have 



Xp 



dapD 



{xpG{xp,Ql[xp )) )' 



Ql[;xp) 



dxpdt 



X 



(13) 
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The calculation for given in Fig. 4 for the HERA kinematic region 

using the Glauber-Mueller formula [10] for SC. Taking into account that Qq{x) in 

Fig. 2b can be fitted as Q^(a;) = 1 GeV^ (^) with A = 0.54 and a:o = 10~^ 

we see from Eq.( 13) and Fig. 4 that we are able to reproduce the experimental 
value of ap(0) and conclude that the typical which are dominant in the 
integral is not small { k\ 1 — 2 GeV"^ [15] ). For the Golec-Biernat Wiisthoff 
approach, which we will discuss later, A = 0.288 and the value of typical 
turns out to be higher. 




Fig. 4. Effective Pomeron intercept for the gluon structure function cafculated using 
the Glauber-Mueller formula for SC 



6 The Q^- Dependence of the F 2 - Slope. 

Data: The experimental data [13] for the F 2 - slope dF 2 {x , Q "^) / are 
shown in Fig. 5a (Caldwell plot). These data give rise to a hope that the matching 
between “hard” ( short distance) and “soft” (long distance) processes occurs 
at sufficiently large since the ^ 2 -slope starts to deviate from the DGLAP 
predictions around ps 5 — 8GeF^. 

F2-slope and SC: Our principle idea, as we have mentioned in the be- 
ginning of the talk, is that matching between “hard” and “soft” processes is 
provided by the hdQCD phase in the parton cascade or, in other words, due to 
strong SC. The asymptotic behaviour of F 2 oc Q'^H? for < Qq{x) leads to 
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dF 2 {x , Q"^) / d\n Q"^ oc Q'^R'^ at < Ql{x) (see Eq.( 9) ) and this behaviour 
supports our point of view [16] [17]. 

However, we have two problems to solve before making any conclusion: (i) 
the experimental data are taken at different points {x, Q^) and therefore could be 
interpreted as the change of ^-behaviour rather than one; and (ii) the value 
of the ^ 2 -slope is quite different from the value of F 2 while for the asymptotic 
solution it should be the same. Therefore, we have to calculate the F 2 - slope 
to understand them. The result of the calculation using the Glauber-Mueller 
formula [16] is presented in Fig. 5b. One can see that (i) the experimental data 
show rather the - behaviour than the x-dependence, which is not qualita- 
tively inffuenced by SC; and (ii) SC are able to describe both the value and the 
Q^-behaviour of the experimental data. Fig. 5b shows also that the ALLM’97 
parameterization [18], which can be viewed as the phenomenological description 
of the experimental data, has the same features as our calculation confirming 
the fact that the data show the - dependence but not the x-behaviour of the 
F2-slope. 
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Fig. 5. f 2 -slope: experimental data (Caldwell plot ) (Fig. 5a) and calculations using 
the Glauber-Mueller formula (Fig. 5b) . 



7 Golec-Biernat Wiisthoff Approach 



Golec-Biernat and Wiisthoff [19] suggested a phenomenological approach which 
takes into account the key idea of hdQCD, namely, the new scale of hardness in 
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the parton cascade. They use for 7 *p cross section the following formula [19] 

= j dz\'l'{Q^;rx,z)f (Ttot{rl,x) ; (14) 

r2 

a-(x,rx) = (To { 1 - e } ; (15) 

R^lx) = 1/Ql(x) with Ql{x) = Qo . (16) 

Extracting the parameters of their model from fitting of the experimental 
data, namely, (To=23.03 mb, A = 0.288, — IGeV"^ and xq = 3.0410“'^ , they 

described quite well all the data on total and diffractive cross sections in DIS 
(see Fig. 6 ). 
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Fig. 6a 



Fig. 6b 



Fig. 6 . <Ttot(7*p) and the ratio /u tot for DIS in the Golec-Biernat Wiisthofl model. 
Vertical line in Fig. 6a is the Qo{x) given by Eq.(16). 



8 Why Have We Only Indications? 

The answer is: because we have or can have an alternative explanation of each 
separate fact. For example, we can describe the F 2 -slope behaviour changing 
the initial ar-distribution for the DGLAP evolution equations [20]. Our difficul- 
ties in an interpretation of the experimental data is seen in Fig. 6a where the 
new scale Qo(x) is plotted. One can see that Qo{x) is almost constant in the 
HERA kinematic region. It means that we can put the initial condition for the 
evolution equation at Qq —< Qq{x) > where < Ql{x) > is the average new 




Screening Effects on F 2 



69 



scale in the HERA region. Therefore, SC can be absorbed to a large extent in 
the initial condition and the question, that can and should be asked, is how 
well motivated these conditions are. For example, 1 do not think that the initial 
gluon distribution in the MRST parameterization [20], needed to describe the 
F 2 - slope data, can be considered as a natural one. 

9 Summary 

We hope we convinced you that (i) hdQCD is in a good theoretical shape; (ii) the 
hdQCD region has been reached at HERA; (iii) HERA data do not contradict 
the strong SC effects; (iv) there are at least two indications on SC effects in 
the HERA data: the behaviour of the F 2 slope and the xp behaviour of 
diffractive cross section in DIS; and (v) the HERA data and the hdQCD theory 
gave an impetus for a very successful phenomenology for matching “hard” and 
“soft” physics. 

We would like to finish this talk with a rather long citation: “Small x Physics 
is still in its infancy. Its relation to heavy ion physics, mathematical physics 
and soft hadron physics along with a rich variety of possible signatures makes 
it central for QCD studies over the next decade” ( A.H. Mueller, B. Muller, 
G. Rebbi and W.H. Smith “Report of the DPF Long Range Planning WG on 
QCD”). Hopefully, we will learn more on low x physics at the next Ringberg 
Workshop. 
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Abstract. The spin structure of the nucleon and its spin puzzle is introduced in 
this paper, followed by a summary of the recent results on polarized lepton nucleon 
scattering. The spin structure functions of the proton and neutron have been measured 
and their first moments have been determined. The recent experiments confirm that 
the Ellis-Jaffe sum rule is violated, whereas the Bjorken sum rule is valid within the 
precision of the measurement. Results are reported about the flavor decomposition of 
the quark polarization, a first direct measurement of a positive gluon polarization, the 
observation of a double-spin asymmetry in diffractive p° production, the polarization of 
A hyperons, the observation of transverse single-spin asymmetries and the measurement 
of the Gerasimov-Drell-Hearn sum rule. Prospects of future fixed target and collider 
facilities are discussed. 



1 Introduction 

The fact that the nucleon has a large anomalous magnetic moment proves that 
it is not a fundamental spin-1/2 Dirac particle. The approximate agreement of 
the measured magnetic moments of the members of the baryon multiplets with 
predictions of the SU(3) / xSU(2) symmetric quark-parton model is an important 
confirmation of the quark model approach. Additional predictions about the 
spin structure of the nucleon were the Bjorken [1] and Ellis-Jaffe [2] sum rules, 
which however were not experimentally accessible in the first two decades of 
the quark model. In 1987 the EMC collaboration published a measurement of 
the spin structure function gi{x) of the proton and of its first moment, the 
Ellis-Jaffe sum [3]. The observed violation questioned our understanding of the 
spin structure of the nucleon in terms of the quark-parton model. It caused 
intense discussion in the community and demanded experimental and theoretical 
clarification. 

Since then a series of new spin experiments has been performed at SLAG, 
CERN and DESY as summarized in [4]. They became feasible by improved ex- 
perimental techniques to polarize beams and targets. At CERN and SLAC the 
improved figure of merit, which is the product of luminosity and the squared 
values of the polarization of beam and target, allowed for a precision measure- 
ment of the inclusive spin structure functions. The HERMES experiment [5] 
uses a completely novel method, a polarized internal storage cell target in a 
storage ring with longitudinally polarized electrons. The HERMES storage cell 
is a 40 cm long elliptical tube around the stored electron beam. Polarized atoms 
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are continuously injected into the storage cell and leave the cell only after an 
average of a few hundred wall bounces. The main advantage of the storage cell 
technique is the ability to use pure, highly polarized atomic species (H, D, ^He) 
in contrast to solid state targets where only a small fraction of the atomic species 
is polarizable. 

The HERMES experiment is dedicated to semi-inclusive measurements, i.e. 
measurements which detect final state hadrons in coincidence with the scattered 
lepton. By tagging certain final state hadrons with different flavor content, the 
spin contributions Au, Ad, Af> of the up, down and strange quark flavors can be 
disentangled. 

The inclusive as well as the semi-inclusive results show that only a fraction 
of the nucleon spin is due to the spin contribution AU — Au + Ad -f As of the 
quarks. The rest is due to the contribution AG of the gluon spin and due to 
angular momentum contributions Lg and La of quarks and gluons moving with 
high speed in the nucleon. Current experiments show first evidence of a non- 
zero contribution by the gluon spin, however further experiments are needed to 
disentangle and understand all the contributions of the nucleon’s spin s-f , which 
are summarized in the helicity sum rule 

= — = — [Au -f Ad -f /ds) Lg -\- AG -t- Lq- (1) 

To improve our understanding of the spin structure of the nucleon, in future not 
only the collinear spin contributions have to be measured, but more emphasis 
has to be given to investigate transverse spin components, twist-3 contributions, 
spin-dependent off-forward parton distributions and spin effects in fragmenta- 
tion. 



2 Inclusive Deep Inelastic Scattering 

2.1 Spin Structure Functions 

The spin dependent part of the inclusive deep inelastic scattering cross section 
e + M e' + X is characterized by two spin structure functions gi{x, and 
32(^1 Q^)- In the quark-parton model the Bjorken variable x is interpreted as the 
momentum fraction carried by the struck quark and — is the squared four- 
momentum of the exchanged virtual photon and is related to the resolution of 
the scattering process. The first spin structure function gi{x,Q^) is interpreted 
as 



5fi(a;,Q2) = ^2) 

/ 

with 6f being the charge for a quark with flavor / in units of the elementary 
charge and Aqf{x,Q^) — qy(x,Q^) — qy{x,Q'^) is the polarized quark dis- 
tribution function. qy^'^'^\x,Q^) is the distribution function of quarks with 
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spin orientation parallel (anti-parallel) to the spin of the nucleon. The sec- 
ond spin structure function g 2 {x,Q'‘) is zero in the simple quark model. In 
general, g 2 (^,Q^) contains the Wandzura-Wilczek contribution (x,Q^) = 
—gi{x,Q‘^)+ dx' g I {x' , Q'^) / x' , a pure twist-3 contribution, and minor contri- 

butions from transverse parton polarizations [6]. 

The spin structure function g\ has been measured since many years, and 
an impressive, precise data set has been collected by the experiments at SLAC, 
by SMC and by HERMES as shown in Fig. 1 [4]. At all three sites the spin 
structure function gi(x, Q^) was measured for the proton and the neutron. The 
neutron spin asymmetry is obtained either from the subtraction of deuteron 
and proton data, or directly from a ^He target. In the ^He nucleus the spins of 
the protons are anti-parallel and do not contribute to the measured asymmetry 
(except for a small contribution which can be corrected). All experimental results 
are consistent and agree with the evolution as predicted by QCD. 

The measurement of 52 is more difficult. Experiments at SMC and SLAC have 
shown that g 2 is consistent with g ^^ , but data are also almost consistent with 
zero. The experiment E155x at SLAC ran in spring 1999 with the aim to provide 
more precise data on ^2 and to gain access to the interesting twist-3 component 
of g 2 that remains after subtraction of the Wandzura-Wilczek contribution g^^ . 



2.2 Sum Rules 

Using SU(3)/ symmetry arguments, the first moment Fi of the spin structure 
function g\ (x) can be related to the axial couplings F and D known from baryon 
decays: 



= +(-) ^ ^ + QCD corrections terms (3) 

In addition, the total spin carried by quark spins can be expressed as 

Z\I7 = 3F - D + 3Z\s. (4) 

The Ellis- Jaffe sum rule [2] is obtained from Eq. (3) by the additional (reason- 
able but possibly false) assumption that the spin carried by strange quarks is 
negligible: As = 0. From this assumption follows that the total spin carried 
by quark spins is AF — 3F — D — 58% (modulo QCD corrections at finite 
Q'^). Fig. 2 [7] demonstrates that the Ellis- Jaffe sum rule is violated with the 
consequence, that either the strange quark contribution to the proton spin is 
significant, or that the SU(3)/ symmetry which was used to derive Eq. (3) is 
broken. The Bjorken sum rule [1], which is the non-singlet combination of the 
first moments of proton and neutron does not require these two assumptions and 
is experimentally verified at the 10% level (see Fig. 2). The precision of the sum 
rule tests is limited by theoretical uncertainties in the extrapolation of the spin 
structure functions at low x. Experimentally, the low x range will be accessible 
only by a future high energy spin experiment at a new facility as the proposed 
polarized HERA collider [8]. 
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Fig. 1. Recent results for the spin struc- 
ture functions xgi (x) at = 5 GeV^ for 
the proton, deuteron and neutron. The 
continuous lines are results of a QCD fit 
at NLO. 



Fig. 2. The measured values of the first 
moments and F" of the spin structure 
functions grf gj* of the proton and 
neutron are in good agreement with the 
Bjorken sum rule, but deviate from the 
prediction of the Ellis-Jaffe sum rule. 



A further sum rule, the Gerasimov-Drell-Hearn (GDH) sum rule, relates the 
polarization dependent part of the total photoproduction cross section to the 
anomalous magnetic moment of the nucleon. This important relation has been 
tested by a precision experiment at the tagged polarized photon beam of the 
microtron MAMI in Mainz, Germany. The energy range accessible by the ex- 
periment is 200-800 MeV. A preliminary analysis of a small subset of the data 
reports a number of 230 ± 20 pb, which accounts for most of the GDH predic- 
tion of (o' 3/2 ~ = 204 pb [9]. The remaining difference might be 

due to contributions at higher energies, which are planned to be measured at 
ELSA/Bonn and at Jefferson Lab. 

The GDH sum rule can be generalized for electroproduction. Data have been 
recently published by the HERMES collaboration [10], and a new measurement 
in the important resonance region was performed in spring 1999 as experiment 
E94-010 at Jefferson Lab [11]. 

3 Semi-inclusive Deep Inelastic Scattering 

3.1 Flavor Decomposition 

The observed violation of the Ellis-Jaffe sum rule made clear that the spin struc- 
ture of the nucleon is not understood. More detailed experimental information is 
needed to disentangle the various possible contributions of quarks and gluons to 
the spin of the nucleon. Semi-inclusive data can be used to measure the sea po- 
larization directly and to test SU(3)/ symmetry by comparing the first moments 
of the flavor distributions to the SU(3)/ predictions. In addition, semi-inclusive 
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polarized DIS experiments can determine the separate spin contributions Aqj 
of quark and antiquark flavors / to the total spin of the nucleon not only as a 
total integral but as a function of the Bjorken scaling variable x. 

Hadron production in DIS is described by the absorption of a virtual photon 
by a point-like quark and the fragmentation into a hadronic final state. The two 
processes can be characterized by two functions: the quark distribution function 
<}f(x,Q^), and the fragmentation function Dj{z,Q‘^). The semi-inclusive DIS 
cross section a''{x,Q'^,z) to produce a hadron of type h with energy fraction 
z — Eh/v is then given by 

a^‘{x,Q^,z) cc J2ejqf{x,Q'^)D’](z,Q‘^). (5) 

f 

It is assumed that the fragmentation process is spin independent, i.e. that the 
probability to produce a hadron of type h from a quark of flavor / is independent 
of the relative spin orientations of quark and nucleon. The spin asymmetry Ai 
in the semi-inclusive cross section for production of a hadron of type /i by a 
polarized virtual photon is given by 

, 2 _ E/ e}Aqf{x,Q^)D'}{z,Q^) 1 + R{x, Q^) 

AAX,LJ,Z)- j2fe}qfix,Q^)D^^iz,Q^) ‘ 1 -f 7 ^ ’ 

The term R = is the ratio of the longitudinal to transverse photon ab- 

sorption cross section and appears in this formula to correct for the longitudinal 
component. It is assumed that R is flavor and target independent and that the 
contribution from the second spin structure function 52(^1 can be neglected. 
The term 7 = jv is a kinematic factor which enters from the ^2 = 0 as- 
sumption. Eq. (6) can be used to extract the quark polarizations Aqj{x)/qj{x) 
from a set of measured asymmetries on the proton and neutron for positively 
and negatively charged hadrons. 

Results on the decomposition of the proton spin into contributions from 
the valence spin distributions Au^ and Ady and from the sea Aqg have been 
previously reported by SMC [12]. New, more precise data from HERMES have 
been presented recently [13]. Fig. 3 shows the polarization Aq/q of quarks in the 
proton, separated into flavors. The up flavor has a positive polarization which 
reaches about 40% at large x, whereas the down flavor has a polarization opposite 
to the proton spin, in excess of 20%. In the sea region at small x the up and down 
polarizations do not vanish completely. The sea polarization itself is compatible 
with zero as shown in the lower panel. The extraction of the sea was done under 
the assumption that the polarization of the sea quarks is independent of their 
flavor. 

The first and second moments of the spin distributions have been determined 
by HERMES. In the measured region, the results of HERMES and SMC agree 
within the quoted errors. A simple Regge-type extrapolation has been applied 
at low X to obtain the total integrals as quoted in Table 1. The HERMES results 
for the first and second moment of Auy show a significant discrepancy with 
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X 

Fig. 3. The polarization of quarks in the proton has been measured by HERMES as 
a function of x, separately for the flavors up and down and for the sea. The error bars 
shown are the statistical and the bands the systematic uncertainties. 



a prediction from quenched lattice QCD in Ref. [14]. The result for Au + Au 
is inconsistent with the result from the inclusive data based on SU(3)/ flavor 
symmetry as in Ref. [15]. The inconsistency of the up flavor has its counterpart in 
the difference which is observed in the sea results. The inclusive analysis obtains a 
large negative strange sea compared to the zero sea in the semi-inclusive analysis. 
However, the uncertainties of the sea measurements are so large that the result 
is not conclusive. 



Table 1. The integrals of various spin 
distributions as measured by HERMES 
for = 2.5 GeV^. Note that the entry 
for Zls + 4s does not represent a direct 
measurement of the strange sea but re- 
lies on the assumption that the sea polar- 
ization is flavor independent. An uncer- 
tainty of the Regge-type extrapolation at 
low X is not included in the quoted error. 





1 total 


integral 


Au Au 


0.56 


± 


0.02 


± 


0.03 


Ad -f Ad 


-0.25 


± 


0.06 


± 


0.05 


As -\- As 


-0.02 


± 


0.03 


± 


0.04 


Aqo 


0.28 


± 


0.04 


± 


0.09 


Aqs 


0.83 


± 


0.07 


± 


0.06 


Aqs 


0.32 


± 


0.09 


± 


0.10 


Ally 


0.57 


± 


0.05 


± 


0.08 


Adv 


-0.21 


± 


0.10 


± 


0.13 


xAu„ 


0.12 


± 


0.01 


± 


0.01 


xAdy 


-0.02 


± 


0.02 


± 


0.02 
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Possible explanations of these differences are that either SU(3)/ is violated, 
which would modify the inclusive result, or that the assumption about the flavor 
independence of the sea is wrong, which would modify the semi-inclusive result. 
To test the applicability of SU(3)/ and SU(2)/ flavor and isospin symmetry, the 
semi-inclusive results for the octet combination Aqs and the triplet combination 
Aqa of the polarized quark distributions have been compared to the predictions 
Aqs — ?>F — D and Aqs = F + D (Bjorken sum rule). Both predictions agree 
with the HERMES results when the appropriate QCD corrections are taken 
into account. For a decisive conclusion about the origin of the discrepancy, the 
precision has to be further improved and the sea assumption has to be tested 
explicitly. 

A significant improvement of the precision of the Ad[x) Ad determination 
is expected in the near future from HERMES using the 1999 deuterium data 
set. The recently installed RICH will allow a direct measurement of As{x) using 
kaon identification. 



3.2 Transverse Asymmetries 

The next step in polarized DIS, beyond the understanding of the collinear 
part of the quark and gluon polarization in the nucleon, is the understanding 
of the transverse polarization components. Single-spin asymmetries in polar- 
ized hadronic reactions are interpreted as effects of time-reversal-odd distribu- 
tion functions (Sivers mechanism) or tnne-reversal-odd fragmentation functions 
(Collins mechanism) [16]. 

SMC presented recently the first measurement of semi-inclusive DIS hadron 
production on a transversely polarized target [17]. Leading hadron production 
has been analyzed in terms of the Collins angle and indeed a non-zero asymmetry 
An = 11% ± 6% has been found for positive hadrons, whereas the negative 
hadrons yield —2% ± 6%. 

A significant result has been reported by HERMES on a related quantity [18]. 
HERMES measured the asymmetry of hadron production on a longitudinally 
polarized target. Even in this case an asymmetry is expected in the azimuthal 
angle between the plane which contains the produced pion and the virtual photon 
and the plane which contains the scattered lepton and the virtual photon. Fig. 4 
shows this single-spin asymmetry as a function of the azimuthal angle for positive 
and negative pions. A sinusoidal fit yields an asymmetry of An = 2.0% ± 0.4% 
for the positive and An = —0.1% ± 0.5% for the negative pions. 

4 Diffractive Asymmetries 

Results on double-spin asymmetries in diffractive p°-production have been re- 
ported by SMC [19] and HERMES [20]. Naively, no spin asymmetry is expected 
in the approach where diffraction is described by the exchange of a pomeron 
with vacuum quantum numbers. In this frame one should expect that diffractive 

production does not know about the spin of the target nucleon. The SMC 
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Fig. 4. Azimuthal dependence of the 
single-spin asymmetry in the cross sec- 
tion for tt’*' (top) and n~ (bottom). The 
error bars are statistical uncertainties. 
The curves are sinusoidal fits to the data. 
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Fig. 5. Double-spin asymmetry in 
diffractive p, 4> and J/^ production from 
HERMES. 



J ■ 


P HERME 
PRELir 

1 . 


>- 

tr 

< 


. p, <I> exclusive 
J/t{/ total 

; 1 


i 

1 





p O J/\|/ 




0.2 0.4 0.6 0. 



Fig. 6. The squares (triangles') *?n "J?i:ate 
the transverse polarization of A (/I) in 
unpolarized photoproduction as function 
of the transverse momentum. 




Fig. 7. Spin asymmetry in the produc- 
tion of hadron pairs with high pr and 
opposite charge. One hadron with pr > 
1.5 GeV is required. The spin asymmetry 
is plotted as a function of the pr of the 
second hadron and compared to Monte- 
Carlo predictions using various assump- 
tions for the gluon polarization AG/G. 



result is in agreement with this prediction. No significant asymmetry has been 
observed. 

HERMES reported a significant, unexpected positive asymmetry of — 
0.30 ± 0.11 ± 0.05 in exclusive p° production as shown in Fig. 5. The asymmetry 
in the production of other vector mesons, (f) and J /ip, was also measnred, but with 
much less precision and is compatible with zero (see Fig. 5). The difference of the 
two results is possibly due to different reaction mechanisms at the different 
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ranges of the two experiments: PS 225 GeV^ for SMC, and W'^ ps 25 GeV^ 

for HERMES. 

4.1 A Polarization 

Due to the parity violation of the weak decay of A hyperons, the angular distri- 
bution of the decay products can be used to extract the spin orientation of the A 
hyperon before its decay. This unique feature was used at HERMES to extract 
two interesting quantities [21]. 

The first one is the measurement of the polarization transfer in DIS scatter- 
ing of longitudinally polarized electrons off unpolarized targets. A A polarization 
of Pji = 0.03 ± 0.06 ± 0.03 was reported, a number which however is not pre- 
cise enough to distinguish between different predictions. The naive quark model 
which assumes 100% polarization of s-quarks in A hyperons predicts Pa = 0.018, 
whereas a SU(3)/ symmetric model from Jaffe predicts Pa — —0.057, based on 
the measured results for the Ell is- Jaffe sum. 

A much more precise result was reported concerning the transverse polariza- 
tion of A hyperons in quasi-photoproduction off an unpolarized target: 

AX. (7) 

The polarization was measured with reference to the plane perpendicular to the 
A production plane. Fig. 6 shows the polarization as a function of the transverse 
momentum of the A and A. A large positive polarization is observed for A hy- 
perons, with the tendency to increase with their transverse momentum. The A 
antihyperons show a negative polarization. There is no straight-forward expla- 
nation of the observed asymmetries in QCD; however, similar polarizations have 
been found in hadronic collisions. 



4.2 Gluon Polarization 

The “most wanted” component of the nucleon spin is the polarization of glu- 
ons, as they are probably responsible for the spin deficit of the quarks. As the 
virtual photon does not couple directly to gluons, a measurement of the gluon 
polarization was up to now only very indirectly possible by using the QCD 
evolution equations, which relate the Q^-dependence of the quark distributions 
to the gluon distribution. A QCD NLO analysis of recent data yields a gluon 
contribution to the proton spin of AG ss 1.8 ± 1.0 [7]. 

For the first time a more direct measurement of the gluon polarization has 
been presented [22]. By selecting events with two hadrons with opposite charge 
and with large transverse momentum, HERMES was able to accumulate a sample 
of events which is enriched by photon-gluon fusion events. By requiring a large 
transverse momentum of 1.5 (1) GeV/c for the first (second) hadron, the sub- 
process, where the gluon splits into two quarks, has a hard scale and can be 
treated pertubatively. HERMES estimates from Monte-Carlo studies that the 
average squared transverse momentum of the quarks is 2.1 (GeV/c)^. As long 
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as the fragmentation process is spin independent, the spin asymmetry in the 
production of the quark-antiquark pair is the same as the spin asymmetry of the 
observed final state. The measured asymmetry is however affected by background 
processes. The unique signature of the HERMES result is the negative sign of 
the asymmetry. All background processes have a positive asymmetry, as long as 
they are dominated by the positive polarization of the up-quarks in the proton. 
The observed negative asymmetry can be explained by a significant positive 
gluon polarization. The change of sign comes from the negative analyzing power 
of the photon-gluon fusion diagram. Using a specific background Monte Carlo, 
HERMES obtains a value of the gluon polarization of AG jG = 0.41 ± 0.18 ± 
0.03 at (x’g) = 0.17. The quantitative result depends however critically on the 
detailed understanding of the background processes. Fig. 7 shows the asymmetry 
together with Monte-Carlo predictions using various assumptions for the gluon 
polarization AGjG. 

5 Future Facilities 

The future of polarized DIS will consist of both, fixed target [23] and collider 
experiments [8,24]. 



5.1 Fixed target 

At SLAC the fixed target inclusive era will end with the precise measurement of 
at E155x. At lower energies, MAMI at Mainz, ELSA at Bonn and CEBAF at 
Jefferson Lab will continue to do spin physics. The main future players at higher 
energies will be HERMES at DESY and COMPASS at CERN. Both experiments 
will concentrate on semi-inclusive data. 

Their main aims are the measurement of the gluon polarization, the flavor 
decomposition of polarized quark distributions, polarized vector meson produc- 
tion, polarized fragmentation functions, transversity, and, in the case of COM- 
PASS, also the angular momentum of quarks and gluons and off- forward parton 
distributions. 

HERMES has upgraded its particle identification recently to achieve pion, 
kaon and proton separation in the full kinematic region, using a RICH detector. 
An improved muon acceptance and identification will allow for a better J/<F 
detection. A wheel of silicon detectors just behind the target cell will be installed, 
which improves the acceptance especially for A decay products. A recoil detector 
system is dedicated to low energy, large angle target fragments and spectator 
nucleons. 

COMPASS will start in 2000 in the experimental area where the SMC experi- 
ment has been, however with an improved beam, improved target, high luminos- 
ity and, compared to the SMC experiment, with a much better and larger hadron 
acceptance and particle identification. In the final stage COMPASS will have two 
spectrometer magnets, two RICH detectors, two hadron and two electromagnetic 
calorimeters. Compared to LIERMES, the high beam energy of COMPASS of 
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100-200 GeV enables measurements at smaller x and larger and W^. The 
large W'^ allows for charm production well above threshold and for the genera- 
tion of hadrons with large transverse momentum. The production of open charm 
allows for a direct measurement of the gluon polarization. 

A future fixed target machine is ELFE, a possible new European electron ma- 
chine in the 15-30 GeV range, which is discussed in connection with the TESLA 
project at DESY and also at CERN as a machine which could re-use the cavities 
from LEP. Two further experiments, which both aimed for the measurement of 
the gluon polarization via charm production in photoproduction, were proposed 
some years ago, and are still discussed: E-156 at SLAG and APOLLON at ELFE. 



5.2 Collider 

Two colliders will govern the high energy part of spin physics in the future; the 
polarized proton collider RHIC at BNL [24], and possibly the HERA collider at 
DESY which may have polarized protons in future [8]. 

In both machines, the acceleration and storage of polarized protons is a 
major challenge to machine physicists. Several Siberian snakes will be needed 
which compensate depolarizing resonances of the beam polarization. 

RHIC will start its physics program in 2000. Main points on the program are 
the measurement of the antiquark polarization and the gluon polarization. The 
antiquark polarization can be extracted using Drell-Yan production via LF+ and 
W~ . As lY-production depends on flavor and on helicity, the experiment can 
extract Au, Au, Ad and Ad separately. The gluon polarization is approached 
by the production of prompt photons, 7 t°’s, jets and heavy quarks (charm). 

The main aims of a polarized HERA collider are the measurement of the spin 
structure functions at low x, which will improve the precision of the verification 
of the fundamental Bjorken sum rule, and the polarization of the gluon. Fig. 8 
shows the anticipated precision of this measurement. As at RHIC, the gluon 
polarization can be extracted from the production of heavy flavors and from jet 
production. Fig. 9 [8] summarizes the anticipated precision of the measurement 
of the gluon polarization at RICH, HERA, and COMPASS. Also included is the 
HERA-N option, which is a proposal to scatter HERA protons off a fixed target. 
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Abstract. The main goals of ‘spin physics’ are recalled, and some theoretical and phe- 
nomenological aspects of longitudinally polarized deep inelastic scattering and other 
hard processes are reviewed. The spin dependent parton densities of protons and pho- 
tons and polarized fragmentation functions are introduced, and the relevant theoretical 
framework in next-to-leading order QCD is briefly summarized. Technical complica- 
tions typical for spin dependent calculations beyond the leading order of QCD, like a 
consistent 75 prescription, are sketched, and some recent results for jet and heavy quark 
production are discussed. Special emphasis is put on conceivable measurements at a 
future polarized upgrade of the HERA collider which is currently under consideration. 



1 Introduction 

One of the most fundamental properties of elementary particles is their spin. 
However, the vast majority of past and present experiments at high energy e+e“ , 
ep, and pp colliders are performed with unpolarized beams thus neither exploit- 
ing the advantages of polarization, which were demonstrated, e.g., by the SLD 
experiment at SLAG, nor revealing any information on the spin dependence of 
fundamental interactions. Unlike lepton beams it is an extremely challenging 
task to maintain the polarization of protons throughout the acceleration to high 
energies, which explains the lack of polarized ep or pp collider experiments in the 
past. To circumvent this problem, a series of fixed target experiments with lon- 
gitudinally polarized lepton beams scattered off, e.g., proton targets have been 
performed at comparatively low energies over the past few years [1]. 

Aiming at polarized deep inelastic scattering (DIS) these experiments have 
been used to extract first information about the spin dependent parton densities 

, ( 1 ) 

where denotes the density of a parton / with helicity — in 

a hadron H with helicity ‘-f’. It is important to notice that the Af^ contain 
information different from that included in the more familiar unpolarized distri- 
butions [defined by taking the sum on the r.h.s. of (1)], and their measure- 
ment is indispensable for a complete understanding of the partonic structure of 
hadrons. However, due to the lack of any experimental information apart from 
DIS and the limited kinematical coverage in x and of the available measure- 
ments [1], our knowledge of the Af is still rather rudimentary compared to the 
abundance of results on /. 
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Much experimental progress and, hopefully, exciting new results have to be 
expected in the next couple of years. Most importantly measurements of, for 
instance, jet, prompt photon, and VK-boson production rates at the recently 
completed first polarized pp collider RHIC will vastly reduce our ignorance of 
the Af. Ongoing efforts in the fixed target sector by HERMES [2] and (soon) 
by COMPASS [3] to study, in particular, semi-inclusive DIS and charm produc- 
tion, respectively, will contribute to a more complete picture of polarized parton 
densities as well. Here we will mainly focus on the prospects of a conceivable 
future polarized upgrade of the HERA ep collider [4], which is currently under 
scrutiny, and highlight on some important measurements uniquely possible at 
an ep collider. 

Having pinned down the polarized parton densities (1) one can study one of 
the most fundamental aspects of polarization; the question of how the spin Sz of 
non-pointlike objects like nucleons is composed of the spin of their constituents, 
the quarks and gluons, and their orbital angular momentum Lf’®. The total 
contribution of quarks and gluons to Sz is determined by the first moments of 
(1), Af(Q‘^) = Jp Af[x,Q'^)dx, and Sz can be written as 

5, = ^ = ^Asm + Ag(Q'^) + Li{Q^) + if , ( 2 ) 

where AS = Q denotes the ‘resolution scale’ at which the 

nucleon is probed. The so far unmeasured angular momentum contribution 
has attracted considerable theoretical interest recently, and it was suggested [5] 
that deeply virtual Compton scattering -y* {Q^)p — t qp' in the limit of vanishing 
momentum transfer t = [p — p'Y provide first direct information on Tf’®, 
however this subject is beyond the scope of this talk. 

The definition of polarized parton densities ( 1 ) also holds true for the hadronic 
content of photons, Ap , and can be easily extended to the time-like case, i.e., 
spin dependent fragmentation functions, ADf, as well. Both densities have been 
measured in the unpolarized case, and their evolution provides an important 
test of perturbative QCD. Needless to stress again that a measurement of AP 
and ADj is required for a complete understanding of space- and time-like dis- 
tributions. So far Ap is completely unmeasured, and almost nothing is known 
experimentally about spin dependent fragmentation. It is argued below that a 
polarized HERA would be also an ideal place to learn more about these densities. 

Our contribution is organized as follows: First we review the spin dependent 
proton structure and shall give an example of a recent QCD analysis of polarized 
DIS data [ 6 ]. Then the framework is extended to the case of AP and ADf, and 
theoretical models for these densities are introduced. Next we turn to polarized 
processes and briefly sketch the basic technical framework and complications 
due to the appearance of 75 . Finally we discuss the main results of two recently 
finished NLO calculations: jet [7,8] and heavy flavor production [9]. It should be 
noted that we have to omit several interesting topics such as Lz , transverse po- 
larization and transversity distributions, single spin processes, etc. Some recent 
results and references can be found, e.g., in [lOj. 
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2 Polarized Proton Structure and DIS 



Longitudinally polarized DIS can be described by introducing a structure func- 
tion g \ , in analogy to F 2 and Fl in the helicity-averaged case. The NLO expres- 
sion for gi reads (suppressing the obvious x and dependence) 

9i-\ ® (1 + ® ^^ 3 ] - (3) 

q=-u,d,s 



where ACq^g are the spin dependent Wilson coefficients, and the symbol ® de- 
notes the usual convolution in x space. From (3) it is obvious that the available 
inclusive DIS data [1] can reveal only information on Aq -f- Aq, but neither on 
Aq and Aq nor on Ag, which enters (3) only as an 0{as) correction. Thus all 
QCD analyses [11,12,6] have to impose certain assumptions about the flavor de- 
composition in order to be able to estimate other hard processes for upcoming 
experiments like RHIC. Alternatively one can stick, of course, to a comprehensive 
analysis of quantities accessible in polarized DIS [13,14]. 

The Af obey the standard DGLAP evolution equations - with all un- 
polarized quantities such as splitting functions replaced by their spin dependent 
counterparts (given in [15,16]) - which are readily solved analytically in Mellin 
n moment space. A subtlety arises in NLO in the non-singlet (NS) sector [17]. 
The independent NS combinations = q — q and ~ q — q' evolve in the 
unpolarized and the polarized case with the same but interchanged kernels, i.e., 
P± = AP:f. This simply reflects the fact that in the unpolarized case the first 
moment of g_, the number of valence quarks, is conserved with , whereas in 
the polarized case Aq^[Q’^) refers to a con.served NS axial vector current. The 
Af are constrained by the unpolarized densities via the positivity condition 



, ( 4 ) 

which is exploited in most of the QCD analyses. Of course, the bound (4) is 
strictly valid only in LO and is subject to NLO corrections [18] because the Af 
become unphysical, scheme dependent objects in NLO. However the corrections 
are not very prononnced, in particular at large x [18], the only region where (4) 
imposes some restrictions in practice and hence (4) can be used also in NLO. 

Figure 1 shows the result of a recent NLO QCD analysis [6] of all presently 
available data [1]. The fit is performed directly to the measured spin asymmetry 



A,{x,Q^)c^ 





F2{x,Q'‘^)/[2x{l + R{x,Q'-‘))y 



( 5 ) 



where H = Fi/2xFi, rather than to the extracted structure function gi itself. 
Eq. (5) is related to the polarized-to-unpolarized cross section ratio Aaja, and 
experimental uncertainties like the absolute normalization conveniently drop out. 

As mentioned above, each QCD fit has to rely on several assumptions. The 
shown GRSV analysis [6] is characterized by the choice of a low starting scale for 
the evolution, Qq 0.6 GeV, the MS scheme, and a simple but flexible ansatz 
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Fig. 1. Comparison of an updated NLO QCD analysis [6] in the GRSV framework [11] 
with available data sets [l] (the E155 data are not shown, but included in the fit). Also 
shown are the original GRSV results [11] based on older and fewer data sets. 



for the polarized densities AJ(x,Qq) = N jx°‘> (1 — f[x, Q§), assuming that 
Aq = Au — Ad and As = As = XAq. For the unpolarized reference distributions 
/ the updated GRV densities [19] have been used, which also fixes the choice 
of Qo (and as(M^) = 0.114). The remaining free parameters are determined by 
the fit after exploiting constraints for the first moments of the NS combinations 
Aq+ (F and D values) and by choosing A = 1, i.e., a 517(3)/ symmetric sea. 

The individual parton densities Af resulting from the fit in Fig. 1 are shown 
in Fig. 2. To demonstrate that, in particular, the gluon density is hardly con- 
strained at all by present data, two other fits based on additional ad hoc con- 
straints on Ag are shown in Fig. 2. The ^Ag = 0’ fit starts from a vanishing gluon 
input, and the ‘static Ag' is chosen in such a way that its first moment becomes 
roughly independent of . Both gluons give also excellent fits to the available 
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Fig. 2. The polarized NLO MS densities 
and old [11] GRSV analyses. Also shown 
fits employing additional constraints on L 
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at = 4 GeV^ as obtained in the new [6] 
are the distributions obtained in two other 
\g (see text). 



data and do not affect the results for u and d. In fact one can obtain fits without 
changing by more than one unit for an even wider range of gluon inputs. 
This uncertainty in Ag is compatible with the findings of other recent analyses 
such as [14]. In addition, similarly agreeable fits are obtained, e.g., for the choice 
A = 1/2 as well as by using an independent x shape for As, reflecting the above 
mentioned uncertainty in the flavor .separation. The range of results for the Af 
obtained by the various QCD analyses [6,11-14] gives a rough measure of the 
theoretical uncertainties due to different assumptions used for the fits. 

It is interesting to observe that for the ‘best fit’ gluon in the GRSV framework 
[6,11] the spin of the nucleon (2) is dominantly carried by quarks and gluons at 
the low bound-state like input scale Qo, and only during the evolution a large 
negative L^{Q'^) is being built up in order to compensate for the strong rise of 
see Fig. 5 in [20]. However, no definite conclusions can be reached yet 
because for the ‘static Ag’ the situation is completely different, and Sz is entirely 
of angular momentum origin for all values of contrary to what is intuitively 
expected. In addition, direct measurements of are completely missing. 

Inevitably the large uncertainty in Ag implies that the small x behaviour of 
gi is completely uncertain and not reliably predictable as is illustrated in Fig. 3. 
This translates also into a sizeable theoretical error for the a; — >■ 0 extrapolation 
when calculating first moments of , which play an important role in spin physics 
since they are related to predictions such as the Bjorken sum rule [21]. The 
situation is similar to our ignorance of the small x behaviour of F 2 in the pre- 
HERA era and can be resolved only experimentally. Needless to say that a 
polarized variant of HERA would be of ultimate help here. In addition, the high 

region would be accessible for the first time at HERA. Here electroweak 
effects become increasingly important and new structure functions, which probe 
different combinations of parton densities, enter. 
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Fig. 3. Predictions for the small x behaviour of gi by extrapolating from the measured 
region x > 0.01 to smaller x values for different assumptions about Ag. The solid line 
is the result obtained using the ‘best fit’ Ag of [6] as shown in Fig. 2. 

3 Polarized Photon Structure and Fragmentation 

The complete NLO QCD framework for the evolution of Ap and the calcu- 
lation of the polarized photon structure function gj, which would be accessible 
in 67 DIS at a future polarized linear collider [22], was recently provided in [23]. 
Unlike the proton densities the AP obey an inhomogeneous evolution equation 
schematically given by 



i^^=Aki + {AP®Aql) , ( 6 ) 

where Aq] stands for the flavor NS quark combinations or the singlet (S) vec- 
tor Aqg = and Aki denotes the photon-to-parton splitting functions. 

Again, solutions of (6), which can be decomposed into a ‘pointlike’ (inhomoge- 
neous) and a ‘hadronic’ (homogeneous) part, Aq] = Aq] pj^ -f Aq ] can be 
given analytically for n moments (cf. [24]). It should be noted that perturbative 
instabilities for gj in the MS scheme due to the x -i- 1 behaviour of the photonic 
coefficient function AC-y [23] can be avoided, as in the unpolarized case [24], by 
absorbing ACj into the definition of the quark densities [23] (DlS-y scheme). 

At present the AP are unmeasured, and one has to fully rely on theoretical 
models. The only guidance is provided by the positivity constraint analogous 
to Eq. (4). The ‘current conservation’ (CC) condition [25], which demands a 
vanishing first moment of gj and is automatically fulfilled for the pointlike part 
[23], is not very useful without any data since it can be implemented at x values 
smaller than those one is interested in, say, at a; < 0.005. To obtain a realis- 
tic estimate for the theoretical uncertainties in AP coming from the unknown 
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Fig. 4 . xAu^ ja and xAg^ ja evolved to = lOGeV^ in LO and NLO (DIS^) using 
the two extreme models explained in the text. 



hadronic input, one can consider two very different models [26,23] by either sat- 
urating the positivity bound (4) at Qq ~ 0.6 GeV (‘maximal scenario’) with the 
phenomenologically successful unpolarized GRV photon densities [27] or by using 
a vanishing input (‘minimal scenario’). The resulting Ap for both scenarios are 
shown in Fig. 4 and will be applied below to estimate the prospects of measuring 
Ap in photoproduction processes at a polarized HERA in the future. 

Studies of spin transfer reactions could provide further invaluable insight 
into the field of spin physics. A non-vanishing twist-2 spin transfer asymmetry 
requires the measurement of the polarization of one outgoing particle, in addi- 
tion to having a polarized beam or target, and is sensitive to spin dependent 
fragmentation. A baryons are particularly suited for such studies due to the 
self-analyzing properties of their dominant weak decay, which were successfully 
exploited at LEP [28] to reconstruct the A spin. In [29] a first attempt was made 
to extract the spin dependent A fragmentation functions, AD'^ , by analyzing 
these data [28], which, however, turned out to be insufficient. Rather different, 
physically conceivable scenarios appear to describe the data equally well, and for 
the ‘unfavoured’ sea quark and gluon fragmentation functions one has to fully 
rely on mere assumptions. Clearly, further measurements are required to test the 
models proposed in [29], and, again, HERA can play an important role here. 

The time-like (TL) ADj are defined in a similar way as their space-like (SL) 
counterparts in Eq.(l) via 

ADfiz,Q'^) = Dj^{z,Q^) - D^-(z,Q^) , (7) 

where, e.g., D"^^[z,Q^) is the probability for finding a A baryon with positive 
helicity in a parton / with positive helicity at a mass scale Q, carrying a fraction 
z of the parent parton’s momentum. The evolution of (7) is similar to the SL 
case, and it should be recalled only that the off-diagonal entries in the singlet 
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Fig. 5. The semi-inclusive DIS asymmetry for unpolarized protons and polarized 
yl’s and leptons for the three distinct scenarios of AD^ of [29], In a) the expected 
statistical errors for such a measurement at HERA are shown, assuming a luminosity 
of 500pb“‘, a lepton beam polarization of 70%, and a A detection efficiency of 0.1. 



evolution matrices interchange their role when going from the SL to 

the TL case, see, e.g., [30,31]. 

As a manifestation of the so-called Gribov- Lipatov relation [32] the SL and 
TL splitting functions are equal in LO. Furthermore they are related by analytic 
continuation (ACR) of the SL splitting functions (Drell-Levy-Yan relation [33]), 
which can be schematically expressed as (z < 1) 



ApIJ^\z) = Z.4C 



AP^ 



(SL) 




( 8 ) 



where the operation AC analytically continues any function toz— )-l/z>l and 
correctly adjusts the color factor and the sign [31]. The breakdown of the ACR 
beyond the LO in the MS scheme can be understood in terms of a corresponding 
breakdown for the n = 4— 2e dimensional LO splitting functions and can be easily 
accounted for by a simple factorization scheme transformation [31]. Alternatively, 
the ACR breaking can be calculated, of course, graph-by-graph [31] in the light- 
cone gauge method [34], which is of course much more cumbersome. 

LO and NLO predictions for the semi-inclusive spin asymmetry for the 
production of polarized yl’s in DIS of unpolarized protons off polarized leptons 
[29] is shown in Fig. 5 for three different conceivable models of the men- 

tioned above (see [29] for details). Such types of spin measurements, which would 
help to pin down the ADj more precisely, can be performed at HERA immedi- 
ately after the spin rotators in front of HI and ZEUS have been installed even 
without having a polarized proton beam. Similar studies can be done in the pho- 
toproduction case where an integrated luminosity of only about 100 pb~'^ would 
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be sufficient [35]. Helicity transfer reactions can be also examined in pp collisions 
at RHIC [36], 



4 Polarized Processes 



4.1 Some General Remarks, and All That 

To calculate longitudinally polarized cross sections one has to project onto the 
two independent helicity configurations of the incoming polarized partons (for 
simplicity we ignore here helicity transfer processes where the formalism applies 
in a similar way). This is achieved by using the standard relations (see, e.g., [37]) 

e,{k,X) C{k,X)=l 

for incoming bosons with momentum k and helicity A, and where p denotes the 
momentum of the other incoming particle, and 

u{k,h)u{k,h) = ^ - h'^ 5 ) (10) 



3 fiiy d" 



kPp” 



k-p\ 



( 9 ) 



for incoming massless quarks with momentum k and helicity h. Using (9) and 
(10) one can calculate the cross sections for unpolarized and polarized beams 
simultaneously by taking the sum or the difference of the two helicity dependent 
squared matrix elements 



unpolarized : \M\ = 

polarized: = 



1 

2 

1 • 
2 . 



|Mp (++) + |Mp (+-)J 

\Mf i++)-\Mf (+-)] 



( 11 ) 

( 12 ) 



where \Mf [hi, I 12 ) denotes the squared matrix element for any of the contribut- 
ing subprocesses for definite helicities hi and /i2 of the incoming particles. The 
possibility to recover well-known unpolarized results ‘for free’ is usually regarded 
as a first important check on the correctness of the spin dependent results. 

As usual the presence of IR, UV, and collinear singularities demands some 
consistent method to make them manifest. For this purpose one usually works in 
the well-established framework of n dimensional regularization (DREG), which 
immediately leads to complications in the polarized case since both 75 and the 
totally antisymmetric tensor in (9) and (10) are genuine /o«r dimensional 

and have no straightforward continuation to n ^ 4 dimensions^ Since the use 
of a naive anticommuting 75 in n dimensions is known to lead to algebraic 

' Sometimes a variant of DREG, dimensional reduction [38] (DRED), is preferred. 
Here the Dirac algebra is performed in /our rather than n dimensions. However, extra 
counterterms have to be introduced to match the UV sectors of DREG and DRED 
[39,40]. Once this is done DREG and DRED are simply related by a factorization 
scheme transformation [40,41,16]. 
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inconsistencies [42], one usually chooses to work in the HVBM scheme [43], 
which was shown to be internally consistent in n dimensions, and its peculiarities 
will be briefly reviewed below. Alternatively one can stick to an anticommuting 
75 by abandoning the cyclicity of trace [44]. In this scheme a ‘reading point’ 
has to be defined from where all Dirac traces of a given process have to be 
started which can be a quite cumbersome procedure. Another prescription was 
suggested to handle traces with one 75 [45] by utilizing 7^75 = i/ 
and contracting the resulting Levi-Civita tensors in n dimensions. This avoids 
{n — 4) dimensional scalar products which show up in the HVBM scheme but 
results in more complicated trace calculations. Needless to say that in the end 
all consistent prescriptions should give the same result when used appropriately. 

In the HVBM scheme [43] the four dimensional definition for 75 is main- 
tained, and the e-tensor is regarded as a genuinely four dimensional object. In 
this way the n dimensional space is splitted up into a four and a (n — 4) di- 
mensional subspace, and {n — 4) dimensional scalar products [''hat momenta') 
can show up in |M| [hi^h'j) apart from their usual n dimensional counterparts 
(i.e., Mandelstam variables). For single inclusive jet or heavy quark production, 
e.g., one can choose a convenient frame where all non- vanishing [n — 4) dimen- 
sional scalar products can be expressed by a single hat momenta combination 
These terms deserve special attention when performing the 2 — >■ 3 phase space 
integrations since the (n — 4) dimensional subspace cannot be integrated out 
trivially as in any unpolarized calculation. However, the modified phase space 
can be conveniently written as dPSa = dPSa^unp x ^(p^) such that it reduces to 
the well-known ‘unpolarized’ phase space formula dPSa.unp for the vast majority 
of terms in the matrix element which do not depend on j6^; see [46,9] for details. 

The remaining calculation is then standard and proceeds in the same way as 
for any unpolarized cross section with one further crucial exception concerning 
the factorization of mass singularities. It was observed [16] that the LO polarized 
splitting function in n = 4 — 2e dimensions in the HVBM prescription, APqq'^’’^ , 
is no longer equal to its unpolarized counterpart, i.e., it violates helicity conser- 
vation, APqq^'"(x) — Pqq^’'^[x) — 4Cf£( 1 — *)• This unwanted property has to be 
accounted for by an additional factorization scheme transformation whenever a 
pole ~ APqqH/s has to be subtracted [16]. When talking about the MS scheme 
in the polarized case in connection with the HVBM prescription, it is always 
understood that this additional transformation is already done. 



4.2 Some Recent Results: Jets, Heavy Quarks 

Let us finally focus on some recent phenomenological results. The complete NLO 
QCD corrections for jet production in polarized pp [7] and ep [8] collisions have 
become available recently in form of MC codes which allow to study all relevant 
differential jet distributions. The photoproduction of jets at a polarized HERA 
is known to be an excellent tool to extract first information on the photonic 
densities Ap by experimentally enriching that part of the cross section that 
stems from ‘resolved’ photons [47]. In case of single inclusive jet production this 
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Fig. 6. Predictions for for different bins in x-y using the two scenarios for Af~' as 

described in the text and the LO GRSV distributions [11] for Af^. Also shown are the 
results using the effective parton density approximation and the expected statistical 
errors assuming a luminosity of 200 pb~* and 70% beam polarizations. 



can be achieved by looking into the direction of positive jet rapidities (proton 
direction), and this feature was shown to be maintained also at NLO [8]. In 
addition, an improved dependence of the cross section on the factorization and 
renormalization scales, fij and fir, respectively, was found, and the LO jet spin 
asymmetries in [47] receive only moderate NLO corrections [8]. 

Similar studies of di-jet production have the advantage that the kinematics 
of the underlying hard subprocess can be fully reconstructed and the momentum 
fraction x-^ of the photon can be determined on an experimental basis. In this way 
it becomes possible to experimentally suppress the ‘direct’ photon contribution 
by introducing some suitable cut x-y < 0.75 [48], or by scanning different bins in 
Xy. Very encouraging results were found in [49], and it was shown that the LO 
QCD parton level calculations nicely agree with ‘real’ jet production processes 
including initial and final state QCD radiation as well as non-perturbative effects 
such as hadronization, as modeled using the spin dependent SPHINX MC [50]. 

Figure 6 shows the experimentally relevant di-jet spin asymmetry = 

dAcr/dcr in LO for three different bins in x-y [51], using similar cuts as in a cor- 
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Fig. 7. R = - Aa^p{i4 = ji) = 2.5m?)]/Ziir=p(^2 = = 2Aml) in LO 

(a) and NLO (b) in percent for ^/S = lOGeV. fj,f and fir are in units of the charm 
quark mass rric = 1.5 GeV. The contour lines are in steps of 5% and for convenience a 
line corresponding to the usual choice = ^lr is shown at the base of the plots. 



responding unpolarized measurement [52]. yl^-jet qqq jjqj. [jggj^ 

studied yet, but again only moderate corrections should be expected. Since it 
would be a very involved task to unfold the Ap from such a measurement of 
^ 2 -jet j^g i-jjg Qf contributing subprocesses and combinations of par- 

ton densities, the result of the so-called ‘effective parton density approximation’ 
is also shown in Fig. 6. This handy but still accurate approximation which is 
based on an old idea [53], allows to straightforwardly extract a specific ‘effective’ 
combination of the AP given by [51] Af^^ = , once the 

corresponding combination Ap^^ for proton densities is precisely known from, 
e.g., jet production in DIS at a polarized HERA [4] or from RHIC. 

Finally, the calculation of the NLO QCD corrections to the polarized pho- 
toproduction of heavy quarks has been finished recently as well [9], and NLO 
results for the charm contribution ^jha™ ^j^g pjg structure function gi [54] and 
for the hadroproduction of heavy quarks [55] will become available very soon. 
Heavy flavor production is dominated by gluon initiated fusion processes and 
hence highly sensitive to the so far poorly known Ag. Unfortunately at HERA 
neither gf'^™ nor the photoproduction of charm give sizeable enough contri- 
butions to be of any use in determining Ag. In the case of photoproduction of 
charm the prospects are much better for the upcoming fixed target experiment 
COMPASS at CERN [3]. The NLO corrections in this case appear to be sizeable 
but well under control, and, most importantly, the theoretical uncertainties due 
variations of the scale fij and fXp are greatly reduced when going to the NLO of 
QCD [9] as is illustrated in Fig. 7. 

Certainly the next couple of years will produce many new experimental re- 
sults in the field of spin physics. In particular first data from the RHIC pp collider, 
but also results from HERMES and COMPASS, will considerably improve our 
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knowledge of the spin structure of nucleons. But only a future polarized ep and 

a linear e+e“ collider can ultimately resolve issues like the small x behaviour of 
the structure of polarized photons, and spin dependent fragmentation. 
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Abstract. We discuss forward jet production data recently published by the HI and 
ZEUS collaborations at HERA. We review how several Monte-Carlo models compare 
to the data. QCD calculations based on the BFKL formalism and on fixed NLO per- 
turbation theory with and without resolved virtual photons are described. 



1 Introduction 

It is by now firmly established that the proton structure function F 2 {x, Q‘^) shows 
a steep rise in the small s-BJorken region, i.e., below x = 10"^ [h2]. This rise is 
compatible with DGLAP evolution [3], where P ’2 is fitted at a fixed input scale 
Qq and then evolved up to by summing up In terms. In the small x region 
an alternative way to describe the evolution might be to sum up ln(l/a:) terms, 
as it is done in the BFKL approach [4]. The BFKL equation actually directly 
predicts the behaviour of F 2 as a function of x. An attempt to unify these two 
approaches is the CCFM evolution equation [5], which reproduces both, the 
DGLAP and the BFKL behaviour, in their respective regimes of validity. 

The existing data on P ’2 do not allow to unambigously determine whether 
the BFKL mechanism is needed in the s;-range covered by HERA. Therefore, 
alternatively the cross section for forward jet production in deep inelastic scat- 
tering (DIS) has been proposed as a particularly sensitive means to investigate 
the parton dynamics at small x [6]. The proposal is based on the observation 
that the DGLAP and BFKL equations predict different ordering of the trans- 
verse momenta kx,i along the parton cascade developing in DIS jet production, 
see Fig. 1. While the DGLAP equation predicts a strong kr,i ordering and only 
a weak ordering in the longitudinal momentum fractions X{, i.e., 

Py i and X = Xn < ■ ■ ■ < xi (1) 

the BFKL approach predicts a strong ordering in the a;,-, but no ordering in kx,i- 
The idea is now to observe jets at very small x, with x xi in the forward 
region with ~ .ty j. In this way the DGLAP evolution is suppressed, whereas 
the BFKL evolution is left active. 

The forward jet cross section has been measured recently at HERA [7,8] 
and in the following I will review the various attempts that have been made to 
describe this data. 
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Fig. 1. Evolution of the transverse momenta kr,i and the longitudinal momentum 
fractions x, along the ladder contributing to DIS jet production. 



2 Data and Monte-Carlo models 

The HI and ZEUS collaborations have measured forward jet cross sections at 
small X for rather similar kinematical conditions [7,8]. The jet selection criteria 
and kinematical cuts are summarized in Tab. 1. 

In Fig. 2 and 3 the collected data from ZEUS and HI in the forward re- 
gion is shown together with predictions from various Monte-Carlo models. The 
data from both groups is on the hadron level. For the ZEUS data, the Monte- 
Carlo models ARIADNE [9], LEPTO [10], HERWIG [11] and LDC [12] have 
been used for predictions. ARIADNE includes one of the main features present 
in the BFKL approach, which is the absence of the strong kx ordering. LDC 
is based on the CCFM approach and finally LEPTO and HERWIG are based 
on conventional leading log DGLAP evolution. Except for HERWIG, the same 



Table 1. Forward jet selection criteria by Hi and ZEUS 



HI cuts 


ZEUS cuts 


A' > 11 GeV 


E' > 10 GeV 


ye > 0.1 


!/e > 0.1 


Et, jet > 3.5 (5) GeV 


Et, jet > 5 GeV 


1.7 < r)jet < 2.8 


^jet ^ 2.6 


0.5 < < 2 


0.5 < < 2 


Xjet > 0.035 


Xjet > 0.036 
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ZEUS 1995 ZEUS 1995 





Fig. 2. Forward jet data of ZEUS [7] as a function of Bjorken-a; for > 5 GeV. 

(a) linear scale, (b) logarithmic scale. The shaded band gives the error due to the 
uncertainty of the jet energy scale. The data is compared to various Monte-Carlo 
models. 






Fig. 3. Forward jet data of HI [8] as a function of Bjorken-a: for two cuts of 

3.5 GeV and 5.0 GeV. (a) and (c) contain Monte-Carlo model predictions, whereas (b) 
and (d) show the results of a LO BFKL (full) and a fixed NLO (dashed) calculation. 
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Monte-Carlo models are shown in the HI plots. Instead of HERWIG, the RAP- 
GAP model [13] is shown, which is also based on DGLAP evolution but contains 
an additional resolved virtual photon component. 

As is clear from Fig. 2, ARIADNE describes the forward jet cross section 
reasonably well, apart from the smallest s-bin where it gives slightly too small 
cross sections. The other three used models predict cross sections which lie signif- 
icantly below the data. Similar results can be extracted from Fig. 3 (a) and (c). 
LDG and LEPTO lie below the data by a factor of 2, whereas ARIADNE gives 
a reasonable good description. As an interesting result, also RAPGAP gives a 
good description of the HI data. 

3 BFKL approach 

Of course, attempts have been made to calculate the forward jet cross section 
directly within the BFKL formalism. BFKL calculations in LO by Kwiecihsky et 
ah, Bartels et al. and Tang [14] based on the BFKL approach overshoot the older 
forward jet data [15]. This can also be seen in Fig. 3 (b) and (d), where the LO 
BFKL calculation on the parton level [16] (full line) is compared to the recent 
HI data [8]. These older calculations suffer, however, from several deficiencies. 
They are asymptotic and do not contain the correct kinematic constraints of 
the produced jets. Furthermore they do not allow the implementation of a jet 
algorithm as used in the experimental analysis. Also NLO ln(l/a;) terms in the 
BFKL kernel [17] predict large negative corrections which are expected to reduce 
the forward cross section as well. 

Recently the BFKL calculations have been improved by taking into account 
higher order consistency conditions as a way of including sub-leading corrections 
to the BFKL equation [18]. The consistency constraint (CC) requires that the 
virtuality of the emitted gluons along the chain should arise predominantly from 
the transverse components of momentum. By including this CC the authors in 
[18] claim to recover a dominant part of higher order effects. Furthermore, the 
CC is said to subsume energy-momentum conservation over a wide range of the 
allowed phase space, which is another source of sub-leading contributions. 

Including the CC conditions, good agreement between the predictions and 
the forward jet data is found, for both the HI and the ZEUS data, as shown 
in Fig. 4. The predictions depend on the choice of scale and on an additional 
infrared cut-off parameter A*o. However, the ko dependence is much less than 
the uncertainty due to the choice of scales. Further details about the BFKL 
calculations from [18] can be found in these proceedings [19], also describing the 
calculation for forward tt° production. 

4 Fixed NLO QCD calculations 

Calculations in fixed order perturbation theory have already been performed for 
the older HI forward jet measurement [15] by Mirkes and Zeppenfeld [20] using 
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Fig. 4. Forward jet data of HI [8] and ZEUS [7] compared to prediction based on the 
BFKL formalism including sub-leading corrections [18], The three curves correspond 
to three choices of scales and infrared cut-off. 



their fixed order program MEPJET [21]. The calculations where done in next- 
to-leading order (NLO) accuracy, i.e., taking the matrix elements up to 0{a'^) 
into account. It was found that the NLO calculations are a factor of 2 to 4 below 
the data. Similar predictions have been made with help of the DISENT program 
[22] for the more recent HI measurements [8], shown as the dashed lines in Fig. 3 
(b) and (d), which confirm the earlier findings. Since the forward jet data can 
be succesfully described by the RAPGAP model which includes resolved virtual 
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photons, it is fair to ask whether also fixed order calculations including a resolved 
virtual photon component will be able to describe the data. 

4.1 Low jet production in NLO 

NLO calculations for jet production with slightly off-shell direct and resolved 
virtual photons have become available recently [23], extending calculations done 
in the photoproduction regime [24]. The NLO calculations [23] are performed 
with the phase space slicing method. As is well known the higher order (in a^) 
contributions to the direct and resolved cross sections have infrared and collinear 
singularities. For the real corrections singular and non-singular regions of phase 
space are separated by a technical cut-off parameter ys- Both, real and virtual 
corrections, are regularized by going to d dimensions. The NLO corrections to 
the direct process become singular in the limit — >• 0 in the initial state 
on the real photon side. For Q'^ — 0 these photon initial state singularities 
are usually also evaluated with the dimensional regularization method. Then 
the singular contributions appear as poles in e = (4 — d)/2 multiplied with 
the splitting function Pq-y and have the form —^Pq^ multiplied with the LO 
matrix elements for quark-parton scattering. These singular contributions are 
absorbed into PDF’s fa/-y{x) of the real photon. For 0 the corresponding 
contributions are replaced by 

-^Pqj -ln(s/Q^)Pq^ (2) 

where t/s is the c.m. energy of the photon-parton subprocess. These terms are 
finite as long as 0 and can be evaluated with d = A dimensions, but 

become large for small Q^, which suggests to absorb them as terms proportional 
to ln{M^ /Q^) in the PDF of the virtual photon. Parametrizations of the virtual 
photon have been provided by several groups [25]. By this absorption the PDF of 
the virtual photon becomes dependent on Mj, which is the factorization scale of 
the virtual photon, in analogy to the real photon case. Of course, this absorption 
of large terms is necessary only for eg . In all other cases the direct cross 
section can be calculated without the subtraction and the additional resolved 
contribution. will be of the order of E^. But also when ~ M^, one 
can perform this subtraction. Then the subtracted term will be added again 
in the resolved contribution, so that the sum of the two cross sections remains 
unchanged. In this way also the dependence of the cross section on must 
cancel, as long as the resolved contribution is calculated in LO only. 

In the general formula for the deep-inelastic scattering cross section, one has 
two contributions, the transverse and the longitudinal part Since 

only the transverse part has the initial-state collinear singularity the subtraction 
in [23] has been performed only in the matrix element which contributes to 
Therefore the longitudinal PDF’s are not needed. It is also well known that 
dcr .^5 vanishes for — )■ 0. The calculation of the resolved cross section including 

NLO corrections proceeds as for real photoproduction at — 0, except that 
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the cross section is calculated also for final state variables in the virtual photon- 
proton center-of-mass system. 

The NLO calculations in the low region are implemented in the fixed 
order program JETVIP [26]. Various measurements at HERA in which the jet 
analysis has been done with JETVIP point to the presence of a resolved virtual 
photon component up to moderate virtualities of ~ 5 GeV^ [27]. 

4.2 Comparison to forward jet data 

Recently, we have performed a NLO calculation including the virtual resolved 
photon for the forward jet region [28] with the help of JETVIP. The results for 
the ZEUS kinematical conditions are shown in Fig. 5 a,b. In Fig. 5 a we plotted 
the full 0{al) inclusive two-jet cross section (DIS) as a function of x for three 
different scales and M^/3 -|- with a fixed 

= 50 GeV^ related to the mean of the forward jet and compared them 
with the measured points from ZEUS [7]. The choice is mandatory if 

we want to include a resolved contribution. Similar to the results obtained with 
MEPJET and DISENT, the NLO direct cross section is by a factor 2 to 4 too 
small compared to the data. The variation inside the assumed range of scales is 
small, so that also with a reasonable change of scales we can not get agreement 
with the data. In Fig. 5 b we show the corresponding forward jet cross sections 
with the NLO resolved contribution included, labeled DIR 5 -+-RES, again for the 
three different scales p as in Fig. 5 a. Now we find good agreement with the 
ZEUS data. The scale dependence is not so large that we must fear our results 
not to be trustworthy. 

In Fig. 5 c,d we show the results compared to the HI data [ 8 ] obtained with 
Et > 3.5 GeV in the HERA system. In the plot on the left the data are compared 
with the pure NLO direct prediction, which turns out to be too small by a similar 
factor as observed in the comparison with the ZEUS data. In Fig. 5 d the forward 
jet cross section is plotted with the NLO resolved contribution included in the 
way described above. We find good agreement with the HI data inside the scale 
variation window M^/3 -f <5^ < < 3M^ + We have also compared the 

predictions with the data from the larger Et cut, namely Et > 5.0 GeV, and 
found similar good agreement [28]. 

As described in [28] the NLO resolved contribution supplies higher order 
terms in two ways, first through the NLO corrections in the hard scattering 
cross section and second in the leading logarithmic approximation by evolving 
the PDF’s of the virtual photon to the chosen factorization scale. This way the 
logarithms in E^/Q^ are summed, which, however, in the considered kinematical 
region is not an important effect numerically. Therefore, the enhancement of the 
NLO direct cross section through inclusion of resolved processes in NLO is mainly 
due to the convolution of the point-like term in the photon PDF with the NLO 
resolved matrix elements, which gives an approximation to the NNLO direct 
cross section without resolved contributions. One can therefore speculate that 
the forward jet cross section could be described within a fixed NNLO calculation, 
using only direct photons. 
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Fig. 5. Dijet cross section in the forward region compared to HERA data: (a) and (b) 
ZEUS; (c) and (d) Hi. (a) NLO DIS, Et > 5 GeV; (b) NLO DIRs+RES, Et > 5 
GeV; (c) NLO DIS, Et > 3.5 GeV; (d) NLO DIRs+RES. Et > 3.5 GeV. 



5 Conclusions 



We conclude that two alternative models exist for describing the forward jet data. 
The BFKL calculation including CC describes the data well. This is supportet 
by the ARIADNE model, where strong ordering is absent and which also 
describes the data. It is however not clear, why the LDC model does not decribe 
the data, although BFKL dynamics should be included in the respective regime 
of validity. 

Similarly, the NLO theory with a resolved virtual photon contribution as an 
approximation of the NNLO DIS cross section, which is presently not available, 
gives a good description of the forward jet data. Presumably, the RAPGAP 
model produces these higher order effects through parton shower contributions 
in the resolved cross section. 
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1 Introduction 

It is by now firmly established that the proton structure function F 2 {x, Q‘^) shows 
a steep rise in the small s-BJorken region, i.e., below x = 10"^ [h2]. This rise is 
compatible with DGLAP evolution [3], where P ’2 is fitted at a fixed input scale 
Qq and then evolved up to by summing up In terms. In the small x region 
an alternative way to describe the evolution might be to sum up ln(l/a:) terms, 
as it is done in the BFKL approach [4]. The BFKL equation actually directly 
predicts the behaviour of F 2 as a function of x. An attempt to unify these two 
approaches is the CCFM evolution equation [5], which reproduces both, the 
DGLAP and the BFKL behaviour, in their respective regimes of validity. 

The existing data on P ’2 do not allow to unambigously determine whether 
the BFKL mechanism is needed in the s;-range covered by HERA. Therefore, 
alternatively the cross section for forward jet production in deep inelastic scat- 
tering (DIS) has been proposed as a particularly sensitive means to investigate 
the parton dynamics at small x [6]. The proposal is based on the observation 
that the DGLAP and BFKL equations predict different ordering of the trans- 
verse momenta kx,i along the parton cascade developing in DIS jet production, 
see Fig. 1. While the DGLAP equation predicts a strong kr,i ordering and only 
a weak ordering in the longitudinal momentum fractions X{, i.e., 

Py i and X = Xn < ■ ■ ■ < xi (1) 

the BFKL approach predicts a strong ordering in the a;,-, but no ordering in kx,i- 
The idea is now to observe jets at very small x, with x xi in the forward 
region with ~ .ty j. In this way the DGLAP evolution is suppressed, whereas 
the BFKL evolution is left active. 

The forward jet cross section has been measured recently at HERA [7,8] 
and in the following I will review the various attempts that have been made to 
describe this data. 
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low X effects, was enthusiastically taken up by the experimental community at 
HERA [2,3]. Data of sufficient quality have now been obtained and it is now 
an interesting phenomenological challenge to see what the measurements imply 
about the underlying small x dynamics. This is the subject of the current review. 

Resumming the large log(l/a:) terms to leading order is performed within the 
Balitskij, Fadin, Kuraev, Lipatov (BFKL) formalism, first outlined in the late 
1970’s [4,5]. Since then, leading log BFKL based phenomenology was shown to be 
insufficient, since the next-to-leading corrections were calculated [6-8] and found 
to be large. A phenomenological modification to the leading BFKL formalism 
[9,10] has provided an economical, physically based, description of a variety of 
phenomena within the low x QCD framework. An alternative formalism [11,12], 
based on the concept of the parton content of the resolved photon, has shown 
similar success, over a similarly broad range of phenomena. 

Unequivocably describing the physics of low x region, within the bounds of 
perturbative QCD, would certainly be a worthwhile achievement. 



2 BFKL log(l/®) resummation 



The BFKL prescription for the resummation of small x contributions has been 
performed for both leading log (LL) [4,5], terms of the form a” log"(l/a,'), and 
next-to-leading log (NLL) [6-8], terms of the form log"(l/a;). 

All log (I/*) contributions have to be considered, and so we must retain the 
full transverse momentum dependence of the gluon distribution, and not simply 
the logQ^ dependence arising from the strong ordering in The ordering in 
the transverse momentum is relaxed, and an unintegrated gluon distribution, (j>i, 
is introduced, related to the usual gluon distribution, (/,■, of a photon of virtuality 
and polarisation i = T, L, probed at a scale via; 

fQ^ fjp 

xgi{x,Q'^,Q'^) = J j^<t>i{x,k^,Q'^) 

X is the longitudinal momentum fraction of the virtual photon carried by the 
gluon, and denotes its transverse momentum. 

We begin with a brief overview of the BFKL technique. R is assumed that 
the dominant process in the high energy limit is gluon exchange in the t-channel. 
Higher order QCD corrections are collected together to form an ‘effective’ dia- 
gram. This comprises an effective gluon vertex, which subsumes real gluon emis- 
sions, whilst the t-channel gluon reggeizes with the virtual corrections. Then, 
using this ‘rung’, one can recursively build up a ladder diagram with reggeized 
t-channel gluonic propagators emitting regular gluons from effective vertices. 
The BFKL equation represents the sum of all such ladder diagrams. 
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kl 




<j)i{x/z,k!^,Q'^) - 4>i{x/z,k^,Q‘^) 
\k^-k'^\ 



(f>i{x/z,kl,Q'^) \ 

(4k!^ + k*y^ ) 



( 1 ) 



where i = T or L, the represent the driving terms of the equation, dj == 
ias/n and x is the fraction of the virtual photon’s longitudinal momentum 
carried by the gluon. The term proportional to z, k'^Q'^) corresponds to 

the real gluon emissions and the terms proportional to (j)i{x/z,k^,Q'^) describe 
the virtual corrections generating reggeization of the gluons. We see that real 
and virtual contributions to the integrand cancel in the potentially singular limit 
of k'^ — y k^. Notice the equation is invariant under a scaling of the transverse 
momentum, which allows an analytic solution in the case of fixed dj to be 
calculated using Mellin transforms. 

Taking ag fixed, it is possible to calculate the characteristic exponent of the 
singular power behaviour in x of the unintegrated gluon distribution: 



(j) X 



with exponents at leading and next-to-leading log, in the MS scheme, given by 



All = ds41og2 



Awll = All — 3.4qs — 0.15 

[A brief aside: The BFKL singular behaviour of g, as x — > 0 cannot be the 
complete picture of low x physics. On general conceptual grounds, the Froissart 
bound forbids the growth of the cross-section faster than log^(s). We can moti- 
vate this physically by recognising that as we go to higher energies, the density 
of gluons within the proton will increase to the point that they can no longer 
be treated as free partons. The gluons will recombine, and the cross-section will 
be suppressed. At current HERA energies there seems to be no evidence yet for 
the presence of these ‘shadowing’ or ‘unitarity’ convections [13].] 

It is clear that the NLL corrections are substantial and thus that LL based 
phenomenology is strictly unreliable. It is possible to impose higher order, phys- 
ically motivated restrictions in the governing evolution equation to all orders. 
One important example is that the LL BFKL equation does not respect energy- 
momentum conservation, the violation being produced by subleading terms. In 
fact Orr and Stirling [14] are developing a BFKL Monte Carlo which will allow 
the effect of energy-momentum conservation to be quantified. 

There exists a further physical constraint that is more stringent than energy- 
momentum conservation, and implemented in the BFKL equation rather simply. 
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The consistency constraint imposes the physical condition that the virtuality of 
exchanged gluons along a BFKL chain should arise predominantly from the 
transverse component of momentum [9]. 




This ensures the validity of the small x approximation, by restricting the 
maximum transverse momentum of an emitted gluon. The BFKL equation was 
derived assuming this constraint, and in the region of phase space beyond that 
delimited by the constraint the BFKL equation is inappropriate. Note that, in 
particular, the gluon propagators which appear in the BFKL equation contain 
only the transverse momenta squared. It has been shown [9] that including this 
condition implicitly subsumes the neglected energy-momentum conservation over 
the greater part of the small x kinematic space. 

It can be neatly encapsulated, and incorporated into the LL BFKL equation, 
through the inclusion of a 0-function on the kernel component governing real 
gluon emission: 



Q{kl/k'^ - z) 

It transpires that limiting the LL BFKL formalism in this way induces an effect 
at all orders which if truncated to NLL gives the dominant part of the NLL 
expression of (2). One might conjecture that these represent the dominant higher 
order effects, and that the modified BFKL evolution resums these. Is it possible 
to obtain a good description of the HERA data by implementing this type of 
formalism? 

3 Experimental signatures of BFKL-type dynamics 

A definitive experimental identification of the low x physics ‘smoking gun’ has 
proven somewhat elusive. There exist several variations on the original ‘gold 
plated’ measurements proposed by Mueller[l], that in principle might exhibit the 
characteristic signs of a rapid rise in gluon distribution at low x, but uniquely 
separating the log(l/a:) from non-perturbative effects is certainly non-trivial. 

3.1 Inclusive quantities 

The first dramatic evidence for the effects of small x resummations came from 
HERA measurements of the proton structure function F 2 {x,Q^), which exhibit 
a strong rise with decreasing x. In [15] a quantitative analysis of the F 2 data 
within a united modified BFKL and DGLAP framework was presented. 

The steep increase was initially lauded as a clear demonstration of the BFKL 
small X resummation effects, but it soon became apparent that it was not possible 
to ascribe this feature unambiguously to BFKL-type physics. It proved possible 
to adequately describe the unexpected features in the data as a consequence 
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of DLLA resummations, in which terms of the form a" log” (1/a:) log” (Q^) are 
resummed to all orders. There exist sufficient provisos in the theoretical descrip- 
tions of F 2 to compromise its discriminatory powers: 

• DGLAP evolution, with a sufficiently ‘tuned’ non-perturbative input dis- 
tribution can mimic the inverse power behaviour predicted by the BFKL 
approach. 

• The disorder in kT corresponds to a random walk in transverse momentum 
along the gluon chain. The kinematic bounds imposed by the F 2 measure- 
ment allow for this transverse momentum to significantly diffuse into the 
infra-red region, blurring clear interpretation. 

• The parton distribution functions necessary to an analysis are not suffi- 
ciently well determined at all the required kinematical configurations for a 
quantitative analysis. 

A more stringent process is required in order to draw firm conclusions. 



3.2 Exclusive quantities 

It is clear that inclusive measurements (F ’2 etc...) are unable to disentangle 
cleanly low x parton dynamics from non-perturbative effects. In attempting 
to do so, model dependences are necessarily introduced. One should try and 
utilise more exclusive measurements. More specifically, final states restricted in 
kinematic (x, Q^) space by the requirement that they are produced close to the 
proton remnant, prove to be of particular interest. 

Mueller proposed that DIS events containing an identified forward jet would 
prove an excellent discriminator for low x dynamics. The detailed formalism 
was given in [16]. These particular measurements were made by the HI and 
ZEUS collaborations at HERA [2,3]. Recent analyses can be found in [16,17]. 
Subsequently, it was realised that this process could be extended, and in some 
sense refined, by studying energetic forward tt'^’s produced close to the proton 
direction [17], and also that the forward dijet rate [18] would yield another 
possible window on the low x physics. 

These processes share the same basic properties that make them a useful 
probe of low x dynamics: 

• Experimentally, one requires that ~ k^. This ensures that DGLAP type 
evolution is suppressed, and that features in the data arise solely from small 
X dynamics. 

• By restricting the study to configurations where the final state is produced 
close to the beam pipe, one insists that the jet carries a large fraction of 
the longitudinal momentum of the parent proton. This ensures the evolution 
parameter x/xj is small, necessary for the validity of the BFKL approach, 
and also that Xj is sufficiently large for the parton distribution functions to 
be determined at regions in the phase space where they are well determined 
from global analyses. 
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Quark box 



s; 

Soft gluon radiation 



WfTiTcrtf'fiU-irir 



Forward jet 



Proton remnants 



Fig. 1. Generic BFKL formalism for the Mueller process. Virtual photon-gluon fusion 
realised through the quark box, and soft gluon radiation between that and the struck 
parton produced close to the proton remnants. 



• In principle, the large k'^ of the process suppresses the diffusion into the 
infra-red region due to the random walk in transverse momentum along the 
gluon chain. 

In summary, Mueller’s proposal was to perform deep inelastic scattering on 
parton constituent of the proton, and so to neatly sidestep non-perturbative 
hadronization problems. 

In addition one can examine the subset of events that produce 7 t°’s in the 
forward direction [2,19]. These measurements possess additional qualities that 
complement the basic Mueller process: 

• The 7T° measurement samples more energetic forward jets than could be mea- 
sured explicitly in jets. By allowing the struck parton fragment collinearly 
into a pion with longitudinal momentum fraction x-^ < Xj and transverse 
momentum Pt^t < kjx we sample a greater amount of the relevant phase 
space. 

• Experiments take measurements at the hadron level, theoreticians make cal- 
culations at the parton level, so there is a certain amount of ambiguity in- 
volved in comparing the predictions with the data... In studying final state 
particles, hadronisation uncertainties are swept into parameterisations of 
fragmentation functions, and we can be certain of comparing like quantities. 

• Experimentally, it is easier to unambiguously identify a 7r° rather than a 
jet. The weak model dependence from the algorithms used to specify exactly 
what constitutes a ‘jet’ is also eliminated by looking at a specific final state. 

• The conceptual ‘gains’ outlined above must be tempered with a practical 
‘loss’. By requiring a single energetic fragment of the jet, we reduce the 
cross-section and so the observed event rate. 

Finally, we can obtain an additional measure of the low x region by looking at 
the subset of forward jet events that contain two jets in the forward region. 




Forward Jet Productionas a Probe of Low x Dynamics 



117 



4 The BFKL approach to forward jet production 



Unlike the previous analyses [16,17], ref. [10] uses the modified BFKL equation 
to evolve the gluon distribution from the photon end down to the struck par- 
ton. The virtual photon is connected to the gluon chain through a quark box, 
which is calculable in perturbative QCD. This comprises the driving term for 
the unintegrated gluon distribution, in the BFKL equation. The modified 
BFKL equation is solved numerically for the unintegrated gluon distribution of 
the virtual photon, with the quark box as the inhomogeneous driving terms, 
and allowing a, to run. Longitudinal momentum fractions are related at the jet 
vertex through the strong ordering condition 

and utilising the jet on-shell condition kj = 0 The singular behaviour of the 
unintegrated gluon distribution in the BFKL approach then feeds through into 
observables via kx factorisation 



d^Fi _ . ,4 
dxpk]r, ~ 






X 

Zp ’ ' 



kpr> Q 



(3) 



where i = 1,2 and /<» i® parton distribution functions in the 

effective structure function approximation. A recent leading order paramateri- 
sation of the parton distributions is used [20]. 

The.se differential structure functions are related to differential cross-sections 
in the usual way 



daj _ 47ra^ / d^F2 1 2 9‘^Ft \ 

dxdQ'^dx^jdk^j, xQ^ ^ dx^dk^,^ 2^ dx^jdk^j, j 

The experimental cuts applied by the HI [2] and ZEUS [3] collaborations in 
order to restrict the sampling to purely forward jet events are imposed on the 
numerical evaluation of the cross-sections. 

The analgous cross-sections for 7 t° production are constructed by convolut- 
ing the DIS -h forward jet differential cross-sections with the fragmentation 
function parameterisations. These are parameterisations of the non-perturbative 
hadronization of the parton into a final state 7 t°. We use the LO tt^ fragmen- 
taion functions of Binnewies et al. [21], and the tt® functions are then taken to 
be -b 7 t“) distributions. The 7 t° is assumed to carry a fraction z = x-^jx^ 

of the jet’s longitudinal momentum in a direction collinear to the parent parton. 

A sample of the results are shown in Figs. 2 and 3. Plots are shown for different 
choices of the scales (in the driving term of (1), and in ctj of (3)) and of the 
infrared cut-off k'^ in (1), taken respectively to be: 

(i) (fc|,-fm^)/4, k?^/A, A:g = O.SGeV^ (upper dashed) 

(ii) [k^ + rri^q] / A, k\jA^ fcg = ICleV^ (continuous) (4) 

(iii) (k^ + rriq), k^, k^ = O.SGeV^ (lower dashed). 
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Fig. 2. The DIS + forward jet differtential cross-section versus Bjorken-j; as mea- 
sured at the hadron level by the HI [2] and ZEUS [5] collaborations. The curves are 
predictions, at the parton level, based on the BFKL formalism including sub-leading 
corrections, corresponding to the three choices of the scales and infrared cut-off given 
in (4). 



We note that the calculations describe the forvrard jet, forward and forward 
dijet measurements well, for physically reasonably scales and cut-off. We see 
that they exhibit a weak residual dependence on a transverse momentum cut-off 
parameter and a stronger dependence on changes in the choice of scale. 

In Fig. 4 we contrast the predictions of the modified BFKL formalism with 
that of the leading-log(l/a;) approximation. The data prefer the inclusion of 
the resummation to all orders of subleading terms through the consistency con- 
straint, especially since converting the data down to the parton level is expected 
to lead to a decrease in cross-section of some 15-20%. 
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Fig. 3. The 7r° differential cross-section versus Bjorken-a: obtained from HI 1996 data 
[19], The curves are predictions, based on the BFKL formalism including sub-leading 
corrections, corresponding to the three choices of the scales and infrared cut-off given 
in (4). 



5 The resolved and direct photon description of forward 
jet production 

The resolved and direct photon approach splits the process into two distinct 
mechanisms according to the size of the characteristic scale /i^ of the subprocess 
involved. When //^ < the inverse size of the photon, a standard perturbative 
approach, with point-like photon interactions is taken. However, when , 

the partonic structure of the virtual photon is said to have been resolved. This is 
then parameterised by a set of parton density functions analgous to the familiar 
proton parton density functions. 
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Fig. 4. The differential cross-section for (a) DIS -|- forward jet, (b) DIS + forward ;r°, 
events. The continuous and dashed curves correspond to the inclusion and omission 
of the consistency constraint. The lower set of curves corresponds to the scales and 
infrared cut-off of (i) in (4), and the upper set of curves to (hi). The jet data are at 
hadron level; converting to the parton level is expected to lower the jet data points by 
15-20%. 



Two groups [11,12] have implemented the concept of a resolved photon con- 
tribution to describe forward jets in DIS. Both have produced Monte Carlo event 
generators (RAPGAP and JetViP) that describe the surplus of events over the 
naive (direct, point-like photon) DIS expectation. 

RAPGAP [11] uses purely leading order matrix elements, and allows parton 
showering between both the hard subprocess and the resolved photon, and the 
subprocess and proton. It is thought that these simulate higher order processes, 
as the leading order matrix elements alone prove insufficient to describe the data. 
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Fig. 5. Deep inelastic scattering and a forward jet within the LO resolved + direct 
photon formalism of [11], with DGLAP evolution from both the proton and virtual 
photon ends towards a qg — >■ qg subprocess. 



The total cross-section is then calculated as the sum of resolved and direct 
photon contributions. Whilst we have transverse momentum ordering within 
each of the DGLAP chains, this formalism allows for an overall disordering in 
between the virtual photon and proton. This disorder appears to be a 
‘necessary’ condition in producing the rise in the cross-sections at low x. It 
features in many of the models that best describe the DIS -f forward jet data 
(c.f. BFKL phenomenology, this approach and the color dipole model (CDM) 
implemented in ARIADNE) 

JetViP [12] treats the resolved and direct contributions consistently using 
NLO matrix elements, taking care to count only once those parts from the NLO 
direct contribution which are implicitly included from the resolved photon. It 
was found that the significant part of the NLO corrections arose from the NLO 
contribution from the resolved photon. This piece corresponds to an extra rung 
(and so includes one ‘disorder’) on the gluon ladder from the photon remnant 
and is essentially calculable within the framework of perturbative QCD. 

Both formalisms including a resolved photon contribution into the DIS + 
forward jet process find good agreement between HERA forward jet data and 
calculation. 

6 Conclusions 

One cannot obtain a sufficient increase with decreasing x of the forward jet 
cross-section from fixed order QCD calculations. NLO predictions [22,23] show a 
large deficit compared with the data. It is clear that the modified BFKL, and the 
resolved photon (both NLO and LO -|- parton showers.) theoretical approaches to 
processes designed to clarify low x physics provide a good description of HERA 
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measurements. Resumming subleading effects to all orders in BFKL is clearly 
necessary given the large NLL corrections. Unfortunately, it is not known how 
to perform such a resummation exactly, indeed it is not clear if such a process 
is a feasible goal. 

The consistency constraint provides a route by which we can circumvent the 
need for a full resummation, and instead implement the rather simpler all-orders 
resummation of the dominant subleading corrections. It is then possible to make 
phenomenological predictions for forward jets and 7t°’s. 

Alternatives to this approach exist, based on supplementing the ‘traditional’ 
direct photon contribution with a situation where the photon itself exhibits 
partonic structure and is said to be resolved. The different formalisms, although 
at first glance appear quite distinct, share some of their conceptual ideas, and it is 
an informative exercise to contrast them. One might think of the modified BFKL 
approach, with gluon evolution extending downwards from the virtual photon- 
gluon fusion, as representing in some sense the unintegrated gluon content of the 
virtual photon. 

For the resolved photon approach, the parton showering included at LO level 
is thought to approximate the explicit higher order effects in the full NLO cal- 
culation. In both cases significant enhancement of the cross-section arises from 
additional gluon emission from virtual photon corrections. 

The LO resolved photon formalism can be thought of as mimicking, in a 
limited way, the complete k-r disordering of the BFKL approach, to the extent 
that the two approaches are indistinguishable at HERA. 

Finally it is worth emphasising here the chief conceptual distinctions. The 
resolved photon analysis unilaterally divides the underlying mechanism accord- 
ing to the relative sizes of the scales {Q^ and k^) involved, whereas the modified 
BFKL approach treats in a unified way all of the possible kinematical configu- 
rations. In the BFKL approach, the Q'^ dependence of the parton ‘content’ of 
the virtual photon is dynamically generated through a perturbative calculation 
of the quark box, rather than paramaterised through the virtual photon parton 
distribution functions. 

References 

1. A: Mueller, Nucl. Phys. B (Proc. Suppl) 18C (1990) 125; J, Phys. G17, 1443 
(1991). 

2. HI Collaboration, C. Adloff et al., Nucl. Phys. B538 (1999) 3. 

3. ZEUS Collaboration, Eur. Phys. J. C6 (1999) 239. 

4. E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Sh. Eksp. Tear. Fiz. 72 (1977) 373, 
[Sov. Phys. JETP 45 (1977) 199); Ya. Ya. Balitskij and L.N. Lipatov, Yad. Fiz. 
28 (1978) 1597, (Sov. J. Nucl. Phys. 28 (1978) 822); J.B. Bronzan and R.L. Sugar, 
Phys. Rev, D17 (1978) 585; T. Jaroszewicz, Acta. Phys. Polon. Bll (1980) 965. 

5. L.N. Lipatov, in “Perturbative QCD”, edited by A.H. Mueller (World Scientific, 
Singapore 1989), p.441. 

6. V.S. Fadin, M.l. Kotskii and R. Fiore, Phys. Lett. B359 (1995) 181; V.S. Fadin, 
M.l. Kotskii, L.N. Lipatov, hep-ph/9704267; V.S. Fadin, R. Fiore, A. Flachi and 




Forward Jet Productionas a Probe of Low x Dynamics 



123 



M.I. Kotskii, Phys. Lett. B422 (1998) 287; V.S. Fadin and L.N. Lipatov, hep- 
ph/9802290; Phys. Lett. B429 (1998) 127; V.S. Fadin, hep-ph/9807527, hep- 
ph/9807528; M. Ciafaloni and G. Camici, Phys. Lett. B386 (1996) 341; B412 
(1997) 396; B417 (1998) 390 (E); Phys. Lett. B430 (1998) 349; M. Ciafaloni, hep- 
ph/9709390. 

7. D.A. Ross, Phys. Lett. B431 (1998) 161. 

8. G.P. Salam, JHEP 9807 (1998) 019. 

9. J. Kwieciiiski, A.D. Martin and P.J. Sutton, Z. Phys. C71, 585 (1996). 

10. J. Kwieciiiski, A.D. Martin and J.J. Outhwaite, Eur. Phys. J. C9 (1999) 611. 

11. H. Jung, L. Jonsson and H. Kiister, hep-ph/9811368; Eur. Phys. J. C9 (1999) 383. 

12. G. Kramer and B. Potter, Phys. Lett. B453 (1999) 295. 

13. L.V. Gribov, E.M. Levin and M.G. Ryskin, Phys. Rep. 100 (1980) 1. 

14. L. H. Orr and W. J. Stirling, Contribution to ICHEP 98, Vancouver, July 1998, 
hep-ph/9811423. 

15. J. Kwiecinski, A.D. Martin and A. Stasto, Phys. Rev. D56 (1997) 3991. 

16. J. Bartels, A. De Roeck and M. Loewe, Z. Phys. C54, 635 (1992); J. Kwieciiiski, 

A.D. Martin and P.J. Sutton, Phys. Rev. D46 (1992) 921; W.K. Tang, Phys. Lett. 
B278 (1992) 363. 

17. J. Kwieciiiski, S.C. Lang and A.D. Martin, Eur. Phys. J. C6 (1999) 671. 

18. J. Kwieciiiski, C.A.M. Lewis and A.D. Martin, Phys. Rev. D57 (1998) 496. 

19. E. Elsen, talk given at the Physics Research Committee at DESY, Hamburg, Jan- 
uary 13th 1999; See also Thorsten Wengler, Ph.D. Thesis, University of Heidelberg, 
27th January 1999. 

20. A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, Phys. Lett. B443 
(1998) 301. 

21. J. Binnewies, B.A. Kniehl and G. Kramer, Phys. Rev. D52 (1995) 4947. 

22. J. Bartels, V. Del Duca, A. De Roeck, D. Graudenz and M. Wiisthoff, Phys. Lett. 
B384 (1996) 300. 

23. E. Mirkes and D. Zeppenfeld, Phys. Rev. Lett. 78 428 (1997). 




Forward Jet and Hadron Production 
at Low X and 



Timothy Greenshaw 

Oliver Lodge Laboratory, Liverpool University, Liverpool L69 7ZE, ENGLAND 



Abstract. Recent measurements of forward jet and single forward hadron production 
at HERA are described. An introduction is given to some of the consequences of var- 
ious QCD approximation schemes used in the calculation of forward jet and particle 
production cross sections. 



1 Introduction 

1.1 HERA measurements and QCD 

The HI and ZEUS experiments at the HERA electron-proton (ep) collider have 
made impressive progress since HERA delivered first luminosity in 1992. Mea- 
surements of many aspects of ep interactions have been made with high precision 
over a large kinematic range. Here, we concentrate on measurements of jet and 
particle production in the forward region^ and the description of these measure- 
ments provided by QCD. We shall work in the deep-inelastic scattering (DIS) 
regime, the regime in which both the negative squared four-momentum trans- 
ferred to the proton from the electron = —q^ ^ and the final state 
hadronic mass squared lU^ ^ Wp, where mp is the mass of the proton. Figure 1 
illustrates the definition of some of these variables. For the measurements dis- 
cussed here <C m\, where mz is the mass, so the interactions can be 
considered to be mediated by virtual photons. In addition ^ so the 
Bjorken scaling variable x = j{Q^ + W"^) <C 1. Recall that, in the frame 
in which the proton has infinite momentum, x is the fraction of the proton’s 
momentum carried by the quark struck in the deep-inelastic interaction. 

The HERA data are, on the whole, described extremely well by QCD. For 
example, the dijet cross section measurements presented in [1] are beautifully 
reproduced by NLO QCD calculations. 

1.2 First forward jet measurements 

If we now move to consider explicitly the forward region, the above no longer 
holds; NLO QCD [4] fails to describe the first HERA forward jet cross section 
measurements [2], as shown in figure 2. What is happening here? 

^ The HERA co-ordinate system has its origin at the nominal interaction point, its 2 
axis in the proton direction and its y axis vertical; the x axis completes the right- 
handed orthogonal co-ordinate system. Polar angles are denoted by 6 and azimuthal 
angles by (j>. The term “forward” refers to the region for which 0 < 90°. 
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Fig. 1. A generic Feynman diagram for deep-inelastic ep scattering, illustrating the 
definition of some of the commonly used variables. 




Fig. 2. The forward jet cross section in the kinematic regon described the text. The 
error bars illustrate the quadratic sum of the statistical and the systematic errors. 
The curves show NLO QCD calculations with an error band corresponding to a scale 
variation of two orders of magnitude, LO QCD calculations and the results of a BFKL 
calculation. 



The key to understanding the problem lies in the definition of the kinematic 
region in which the forward jet measurement was made; it was required that the 
squared transverse momentum of the jet be similar to 0.5 < < 4, 

and that the jets have a large longitudinal momentum in the proton direction. 
This latter condition arises from the requirements that the jets be found in the 
forward region, 6° < 0jet < 20°, and that the ratio xjet = Ejet/Ep > 0.025, Here, 
Ejet and Ep are the jet and proton energies, respectively. Hence, the parton 
emitted from the proton which caused the production of the forward jet must 
have carried a large proportion of the proton’s momentum, and yet the quark 
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struck by the virtual photon carried only a very small proportion of the proton’s 
momentum, as the Bjorken x range considered was 2 x 10“^ < a: < 2 x 10“^. 
The diagram in figure 1 may well be misleading. The phase space for the parton 
emerging from the proton to emit further partons is particularly large in this 
case, so the situation could be more like that illustrated in figure 3. Calculating 




Fig. 3. A Feynman diagram illustrating low x DIS with the production of a forward 
jet carrying a large proportion of the proton’s momentum, containing an energetic 7 t°. 

to order allows us a maximum of 3 partons, as shown in figure 3, and such 
calculations are unlikely to be able to describe situations in which larger num- 
bers of partons play a significant role. Is it possible for us to include the effects 
of these? Here, we use the Uncertainty Principle to try and construct an ap- 
proximate picture of how we might expect these partons to behave, before going 
on compare the results of QCD calculations, made using various approximation 
schemes, to the HERA data. The calculations are discussed in more detail in 
other contributions to these proceedings [3]. 

Consider a fast parton, 1, which emits a further parton, 2, as illustrated in 
figure 4. The initially massless system has now acquired a mass given by: 



parton 1 



p=(p,p) 




Fig. 4. A parton 1 emitting a parton 2, with four-momenta as illustrated. 
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= {p + kf = 2{PK - PK cos a) « PKa^. 

The magnitude of the resulting energy change, which determines the length of 
time the virtual system can exist before 2 is re-absorbed by 1, is AE = M in 
the rest frame of the system. Including the time dilation factor 7 « P/M gives 
the time for which this state can exist in the laboratory: 

1 _ 1 P 
^ “ AE “ MM 
P 1 

“ PETa2 “ Era2- 

Using the fact that a « kr/K we have At « K/k^. Such emissions and re- 
absorptions will take place continuously in a proton prior to a deep-inelastic 
interaction. The interaction will “free” all the partons that exist at the time it 
takes place. We see that there will be some which can have existed for a long 
time before the interaction, those with large At « K/k^ « kL/k'^, and others 
that can only have existed for a very short time before the interaction, those with 
small At « k/k'^; it will appear that there is shower of time ordered partons 
1, 2, 3 . . . such that Ki/k'^i > K 2 /k ^2 > ■ ■ ■ 

1.3 The DGLAP, BFKL and CCFM equations 

The above argument suggests that we can think of the initial state partons as 
forming a cascade in which either the kT increases strongly as we move towards 
the photon-quark vertex, with the longitudinal momentum relatively constant, 
or the longitudinal momentum decreases and the kT remains approximately 
constant. A further alternative is to consider there to be an ordering of the 
emission angles^, as illustrated in figure 5. These three possibilities correspond 




Fig. 5. Angular ordering in initial and final state parton cascades. 



roughly to three approximation schemes within QCD which allow the inclusion 

^ For completeness sake, note that the emissions in the final state occur in order of 
decreasing angle. 
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of the effects of certain terms in the perturbative expansion of DIS processes 
to all orders. The case in which the cascade is considered as being composed of 
partons strongly ordered in kr, /ct 2 , corresponds to using the 

Dokshitzer, Gribov, Lipatov, Altarelli and Parisi (DGLAP) equations [5], which 
sum to all orders, n, the terms ~ log"Q^. How this is done is discussed in [6]. 
The case in which the cascade is considered to be composed of partons with 
decreasing longitudinal momenta, xi ^ X 2 ^ X 3 , corresponds to using the 
Balitski, Fadin, Kadeev and Lipatov equations [7], which are discussed in [8]. 
These sum to all orders the terms ^ log"(l/x). Thinking of the partons as being 
ordered in emission angle, ai < a 2 < as ... , corresponds to using the Giafaloni, 
Gatani, Fiorani and Marchesini (GGFM) equations [9]. 

The success of the DGLAP equations is well known. For example, they give 
an excellent description of HERA F 2 {x, Q"^) measurements despite the range of 
more than four orders of magnitude in both and x spanned by the HERA 
data, as is discussed in [10]. Gan they describe the forward jet measurements? 
Looking at the kinematic region chosen, we must conclude that it is unlikely. The 
DGLAP equations describe data in which the parton cascade can be thought of 
as being ordered in kx, the forward jet measurement, in which it is required that 
kxjet ~ precludes the development of such cascades as the kx at both ends 
of the cascade is similar. Figures 7, 8a) and 8c) confirm our suspicions. 

Let us turn instead to the BFKL equation. This should give accurate re- 
sults where the cascade can be thought of as consisting of partons with strongly 
decreasing longitudinal momenta. This is exactly the situation here. The require- 
ment that a;jet be large and x small ensures that the longitudinal momentum 
at the start of the cascade is large and that at the end small. Indeed, this is 
precisely the reason why these conditions were chosen for the measurement [11], 
the hope being that a kinematic region could be found in which there was clear 
evidence for the applicability of the BFKL equation. The evidence from the early 
forward jet measurements, as shown in figure 2, is that the BFKL solution [12] 
does a good job. 



1.4 Monte Carlo Programs 

Monte Garlo (MG) programs provide an alternative means of comparing QGD 
calculations with measurements. The programs of interest here are the following: 

• LEPTO [13] matches LO QGD matrix elements with DGLAP inspired par- 
ton showers; the showers display kx ordering. 

• RAPGAP [14], originally developed to simulate diffractive DIS events, is very 
similar to LEPTO; the facility to simulate the effects of allowing the virtual 
photon to develop hadronic structure is of interest here, as is discussed in 
the following. 

• HERWIG [15] produces DGLAP-like showers using angular ordering. The 
showers are corrected to incorporate the correct LO QGD results for the 
photon-parton interaction. 
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• ARIADNE [16] is an implementation of the Colour Dipole Model [17] (CDM), 
which treats QCD radiation as arising from the colour dipole generated in 
the deep-inelastic scattering process; the resulting parton cascades do not 
display kx ordering and in this sense the results of the CDM are similar to 
those of the BFKL equation. 

• The Linked Dipole Chain [18] (LDC) model relies on a re-formulation of the 
CCFM equations and should produce DGLAP-like and BFKL-like showers 
in the appropriate high and low x limits, or, more accurately in the 
situations in which there is a large kx or x “lever arm” , respectively. It has 
been shown that, at the level of the leading log (LL) terms ~ log"(l/a:), the 
predictions of the CCFM equations for the hadronic final state in DIS at 
small X are identical to those of the BFKL equation [19]. 

One advantage of using MCs to compare theoretical predictions with data is 
that the MCs incorporate hadronisation models. This allows direct comparison 
of the predictions with data; parton level jet cross sections are likely to differ 
by 15 to 20% from the results expected following hadronisation. All the above 
models, barring HERWIG, use the JETSET [20] implementation of colour string 
fragmentation to perform hadronisation, following their various parton cascade 
schemes. The HERWIG model forms low mass colourless “pre-clusters” following 
its cascade procedure. These are then allowed to decay into hadrons. 

2 New forward jet measurements and BFKL calculations 

The HI and ZEUS Collaborations have both produced new forward jet mea- 
surements since those discussed above. Both groups used a “cone” algorithm to 
identify the jets in the laboratory frame of reference. These algorithms maximise 
the transverse energy within a cone of radius Arf + = 1, where Aij is the 

difference in pseudorapidity, rj = — ln(tan(0/2)), between the cone’s axis and the 
calorimeter energy deposits under consideration, and A(j) is the difference in az- 
imuthal angle. The algorithm used by ZEUS is described in [21]. The ZEUS mea- 
surement requires in addition that x'^^^ = Pz\et/Ep > 0.036, 0.5 < < 2, 

r?jet < 2.6 (z.e. 0jet > 8.5°) and that A^jet > 5GeV. Further, to explicitly re- 
move events in which the forward jet is caused by the quark scattered in the 
deep-inelastic interaction, ZEUS require that the longitudinal momentum of the 
jet in the Breit frame of reference^ PzjS’* > The Bjorken x region studied 
is 4.5 X 10“^ < X < 4.5 x 10“^. Despite the experimental difficulties involved 
in making this measurement, particularly the problems of measuring energy de- 
posits close to the outgoing proton remnant and the forward beamhole in the 
calorimeter, the distribution of transverse energy about the forward jet axis fol- 
lowing the above selection does reveal jet structure, as is illustrated in figure 6. 



® The Breit frame is the frame of reference in which the four-momenta of the virtual 
photon and the proton are given by (E,pt,Pl) = {0,0,— Q) and {Q/2x,0, Q/2x), 
respectively. 
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Fig. 6. The transverse energy flow around the forward jet axis averaged over all forward 
jets for various »7jet regions; grey indicates the Et attributed to the jet, black the Et 
around the calorimeter beam hole and white other Et deposits. 



Figure 7 shows the forward jet cross section [22] obtained by the ZEUS Col- 
laboration'*. Also shown in figure 7 are the predictions of several MC programs. 
Neither the DGLAP based MCs, LEPTO and HERWIG, nor the LDC MC are 
able to describe the data. The “pseudo-BFKL” MC prediction, that of ARI- 
ADNE, is the best of those shown. 

The new HI forward jet measurements [23] are shown in figure 8. The cone 
algorithm used here is described in [24] . The requirements made on the forward 
jets were that a;jet > 0.035, 0.5 < < 2 and 7° < 0jet < 20°. Results are 

shown in two regions of PTjet, namely PTjet > 3.5 GeV and prjet > 5GeV. As 
in the above case, all MC predictions fall below the data, including those of the 
LDC model, with ARIADNE providing the best description of the data. NLO 
QCD calculations are again seen to fall significantly below the data, with a LO 
BFKL calculation tending to be too high. The discrepancy between the latter 
calculation and the LDC MC is intriguing given the formal equivalence of the 
CCFM and BFKL equations at the LL level. Are there significant sub-leading 
terms? Have we still to reach “low” xl 



^ In this and subsequent figures in which experimental data are shown, the inner error 
bars correspond to the statistical errors, the outer error bars to the quadratic sum 
of the statistical and systematic errors. 
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Fig. 7. The forward jet cross section as a function of x in the kinematic region described 
in the text with the additional requiremnts that the scattered electron energy > 10 GeV 
and that y > 0.1. The curves show the predictions of various MC programs. 




Fig. 8. The forward jet cross section as a function of x for PTjet > 3.5 GeV and Prjet > 
5 GeV; the curves in a) and c) are MG predictions, in b) and d) the full lines are 
analytic LO BFKL calculations without inclusion of the effects of the jet algorihm, 
the dashed lines are NLO QCD calculations made using DISENT [25] and include the 
effects of the jet algorithm at the parton level. 



As mentioned above, and described in more detail in [26], the BFKL results 
used to this point rely on a summation of the LL terms. Recently, a calculation 
of the effects of the next-to-leading log (NLL) terms, ^ log"~^(l/a;), has become 
available [27] which has showed that they can be as large as the effects of the LL 
terms. The resulting debate on whether and how, despite this, BFKL-based phe- 
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nomenology may be possible has yet to be resolved [28,29,30]®. Here, we consider 
modified LL BFKL calculations, incorporating a “consistency constraint” which 
effectively includes part of the NLL terms [32]. The forward jet cross section 
determined using this approach is shown in figure 9, for various choices of scale, 
with the forward jet measurements of the ZEUS and HI Collaborations. The 
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X X 10 
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Fig. 9. The forward jet cross section measurements of ZEUS and HI as a function of 
X compared with BFKL calculations including a “consistency constraint”, for various 
choices of scale. 



modified LL BFKL calculation is significantly better than the unadulterated LL 
BFKL result shown in figure 8. 

The HI forward dijet rates, measured in the kinematic range given above 
with the requirement that both jets satisfy PTjet > 3.5 GeV, is (J 2 jet = 6.0 ± 
0.8 (stat.) ± 3.2 (syst.) pb, which compares favourably with the prediction from 
the modified BFKL calculations of CT 2 jet = 2.7 . . . 5.2 pb, where the range results 
from varying the choice of scale. 



® For discussion of the problems associated with the running of as in the BFKL 
formalism see, for example, [31] 
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3 Forward particle production 

A problem that arises when trying to compare forward jet measurements with 
BFKL based calculations is the uncertainty of 15 to 20% introduced by the effect 
of hadronisation. This can be circumvented by comparing predictions for single 
forward tt ^ production with measurement. Here, measured tt fragmentation func- 
tions are folded with the above modified BFKL calculations [32], as illustrated 
in figure 3. The success of this approach is apparent in figure 10, in which the 




Fig. 10. The HI forward cross section as a function of x compared with BFKL 
calculations including a “consistency constraint”, and with two DGLAP MCs, one 
which allows for the effects of virtual photon structure (RAPGAP) and one which does 
not (LEPTO). 

calculations are compared with the HI forward tt ^ measurements [33]. 

4 Forward jets and virtual photon structure 

Intriguingly, in figure 10 it is not only the BFKL calculation that provides a 
reasonable description of the data, the results of the RAPGAP MC are also 
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respectable. RAPGAP is a DGLAP based MG, but allows for the inclusion of 
the effects of virtual photon structure. Such effects may become significant in 
the regime in which the at the photon end of the parton cascade exceeds 
the photon’s virtuality Q^. Recall that the transverse dimensions of the photon 
are ~ \f^ and that the transverse wavelength of the partons At ~ I/^t- 

If At < 1/ \f(^ the parton is able to resolve the hadronic structure of the vir- 
tual photon which arises through the 7 — 1 splitting. Indeed, such events have 

been used to determine the effective parton density in the virtual photon [34] . Is 
this relevant to forward particle and jet production? The answer is a resound- 
ing perhaps, as can be seen by the following argument. The requirement that 
0.5 < < 2 allows events in which kr > into the sample studied, both 

explicitly at the high end of the range and implicitly in that the corre- 

lation between PTjet and kx is far from 100%. This implies we are in a regime in 
which virtual photon structure may be significant. In addition, the fact that the 
parton entering the hard scattering process from the photon side carries only 
a fraction Xj = Ppa^tlP-y of the momentum p~^ of the photon ensures that the 
resulting jets will tend to be more forward than in the situation in which = 1, 
as is illustrated in figure 11. In terms of parton cascades, if we choose to explain 




Fig. 11. A DIS event in the HERA laboratory frame in which the structure of the 
virtual photon is resolved leading to the production of forward jets and particles, i.e. 
jets and particles adjacent to the proton remnant. 



the development of both the virtual photon structure “within” the photon and 
the structure within the proton using the DGLAP prescription, we will have 
cascades of partons with increasing kx developing from both the photon and 
proton ends of the interaction, as illustrated in figure 12. Note that this picture 
bears some resemblance to the parton cascade produced by the ARIADNE MG, 
in which there is no kx ordering. This is a possible explanation for the success 
of ARIADNE in describing the forward jet and forward particle measurements. 

The MG predictions including the effects of virtual photon structure not only 
describe forward particle production but also provide a reasonable description of 
the forward jet results, as is shown in figure 13. In this figure comparison is made 
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proton 

parton 
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Fig. 12. An illustration of a DIS event in which the structure of both the virtual photon 
and the proton develops via a parton cascade described by the DGLAP prescription, 
with fcr ordering as indicated by the increasing width of the relevant triangles. 



ZEUS 1995 




Fig. 13. The ZEUS forward jet measurements as a function of x shown with predictions 
from MCs with, RAPGAP RES+DIR, and without, LEPTO and RAPGAP DIR, the 
effects of virtual photon structure. 



firstly with LEPTO and RAPGAP allowing only direct photons to contribute, 
that is those in which the structure of the photon is not resolved. These models 
are very similar, as is borne out by the results shown, and are not able to describe 
the data. Allowing the inclusion of resolved photon processes, those in which the 
partonic structure of the virtual photon is resolved, significantly improves the 
quality of the description. 

This approach, allowing the inclusion of virtual photon structure, can also be 
taken in NLO QCD calculations, as is discussed in [35,36]. The results of such 
calculations are shown in figure 14 together with the HI forward jet measure- 
ments. Again, the agreement is found to be good. 
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Fig. 14. The HI forward jet measurements as a function of x shown with the results of 
NLO QCD calculations (a) without and (b) with the effects of virtual photon structure 
for various choices of scale. 



5 Summary 

HERA has provided new impetus to both theoretical and experimental investi- 
gations of low X QCD and recent progress has been impressive. We are now able 
to describe reasonably the measured rates of forward jets [23,22] using either 
NLO QCD calculations incorporating virtual photon structure [35], modified 
BFKL calculations [32] or MCs based on LO QCD allowing either directly, as 
in the case of RAPGAP [14], or indirectly, as in the case of ARIADNE [16], for 
virtual photon structure. The relative success of ARIADNE may alternatively 
be considered to be associated with the BFKL-like nature of the parton showers 
it produces. It is likely that NNLO QCD calculations will provide as good a 
description of data as the above without having to invoke virtual photon struc- 
ture [36] . Forward tt® production is also reasonably described within the modified 
BFKL framework. New low x MC programs are being developed, such as the 
LDC MC [18], which is based on a reformulation of the CCFM [9] equations 
and as such should reproduce BFKL predictions for the hadronic final state in 
DIS at small x [19]. Many problems remain to be solved, however. The recent 
calculation of the NLL corrections to the BFKL equation [27] raises difficulties 
associated with both the running of as and the unexpectedly large size of the 
corrections. The apparent disagreement between LDC MC predictions and LL 
BFKL calculations is a puzzle. Experimentally, measurements in the forward 
region remain a challenge. Improving the precision of current measurements and 
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devising new ways of testing low x QCD will tax the ingenuity of physicists for 
many years to come. 
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Measurements of Jet Production 
in Deep Inelastic Scattering 
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Abstract. Some recent results based on jet production at the HERA ep-collider are 
presented. Inclusive jet cross sections have proven to be in good agreement with pre- 
dictions from QCD Monte Carlo models up to very high momentum transfer, whereas 
di-jet cross sections are less well described. Recent next- to-leading order calculations 
turn out to reproduce the di-jet data very well which enables a direct determination in 
next-to-leading order of the gluon density in the proton and an improved measurement 
of the strong coupling constant. 



1 Introduction 

Considerable progress in our understanding of how matter is constructed has 
been made over the past decades mainly thanks to results from deep inelastic 
scattering (DIS) experiments. The basic idea behind these experiments dates as 
far back as to Rutherford’s famous experiment from 1911 in which it was proven 
that the atom contains a massive nucleus. In modern experiments leptons are 
used to probe the structure of matter, the advantage being that the leptons, as 
far as we know, are pointlike particles and that their interaction with matter 
can be described by a well founded theory, the electroweak theory. The basic 
DIS process (zeroth order in QCD) is a purely electroweak interaction between 
a highly virtual photon emitted by the incoming lepton and a parton in the 
proton (Fig. la). 

The HERA storage ring, which collides 27.5 GeV positrons (electrons) with 
820 GeV protons, has provided a great increase in resolution by extending the 
accessible kinematic range by several orders of magnitude in the transverse mo- 
mentum squared, , transferred by the virtual photon and in the Bjorken scal- 
ing variables, x and y. 

The scattered electron from a DIS process carries information about the 
parton density in the proton as does also the particle jet from the scattered 
quark, which is usually called the current jet. Thus an inclusive measurement 
of either the scattered electron or the current jet will determine the proton 
structure function, F^. Results from HERA have revealed a steep rise of the 
structure function as the fractional parton momentum decreases. This can be 
explained by a model where the emitted gluons split up into quark-antiquark 
pairs and thus create a large number of sea-quarks. The more partons sharing the 
proton momentum the less fraction each of them will carry. Since the gluons are 
driving the strong rise via the sea-quarks, the gluon density can be determined 
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from the proton structure function assuming that the QCD splitting functions 
describing the parton emission are correct. 

A more direct determination of the gluon density would be to measure the 
rate of boson-gluon fusion (BGF) processes, which is of first order in the strong 
coupling constant, as- The BGF process is an interaction between the virtual 
photon and a gluon which has fragmented into a quark-antiquark pair (Fig. Ic), 
and consequently the final state will contain two hard jets. Another first order as 
process is QCD-Compton scattering, where a gluon is emitted from the scattered 
quark (Fig. lb). Being of first order in as, both processes are thus sensitive to the 
strong coupling constant and can be used to determine its value. Even though 
the di-jet cross section is proportional to 05 , leading order (LO) calculations 
alone suffer from large scale dependence. Thus higher order corrections are nec- 
essary to reduce the dependence of the cross section on the renormalization (/ir) 
and factorization (py) scales. It turns out that already NLO corrections leads 
to much smaller dependences on fir and fij which make reliable cross section 
calculations possible. In recent years several Monte Carlo programs, like MEP- 
JET [1], DISENT [2] and DISASTER,-!— 1 - [3], have been developed, providing 
cross section calculations on the parton level and allowing for the application of 
various kinematic cuts and choices of jet algorithms. In order to cancel infrared 
divergencies which appear in the analytic calculations due to soft or collinear 
gluon emissions two methods have been used. The MEPJET program uses the 
phase space slicing method [4] which requires the matrix elements for the real 
emission process to be approximated in the regions close to the singularities. 
These regions are defined by the introduction of non-physical cut-off parame- 
ters. The DISENT program is based on the subtraction method [5] which uses 
the exact matrix element expression in the whole phase space region. In this 
method the singularities due to soft and collinear gluon emission will explicitly 
cancel against the poles in the virtual diagrams. 

Since the cross section for di-jet production at HERA energies is in the range 
100 pb to few nb, enough statistics will be available for various precision tests 
of QCD. 





Fig. 1. Generic Feynman diagrams for zeroth and first order as processes. 

The kinematics of a deep inelastic scattering event can be determined from 
two independent Lorentz variables, which can be any of the two Bjorken scal- 
ing variables xsj or y, the square of the momentum, , transferred by the 
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exchanged boson, and the invariant mass squared of the hadronic system, W^. 
These variables are defined in terms of the 4-momenta of the incoming proton, 
P, the incoming and scattered electron, Pe and Pg, and of the virtual boson, g. 





(1) 


III 


(2) 


_ _Q^ 

2P • q ys 


(3) 


W^-{q + Pr = Q^(^^~^^^^+mp, 


(4) 



where s is the centre-of-mass energy squared and nip is the mass of the 
proton. 

Other variables which are useful in describing the kinematic properties of 
di-jet events are the Lorentz invariant partonic scaling variables Xp and Zp. 



xBj Q" 

2p- q ■ q ^ ^ + s 

P 'Pjet Pjet{^ COsOjQf:^ 

~ EiEiil-cosei)’ 

where ^ is the fraction of the proton momentum carried by the interacting 
parton and S is the invariant mass squared of the hard subsystem. Ejet and Ojet 
are the energy and polar angle of the jet, whereas Ei and 0,- are the energy and 
polar angle of the individual hadrons in the hard subsystem. The variable x in 
Fig. 2 represents the fraction of the longitudinal proton momentum taken by the 
parton. For LO processes x is equivalent to ^ but for higher orders it becomes a 
non-measurable quantity which can only be defined within a specific theoretical 
frame. is the invariant mass squared of the two jets produced in the hard 
scattering and is thus equivalent to s. 




Fig. 2. Generic Feynman diagram illustrating the meaning of some kinematic variables. 
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The first order parton level process must be corrected for higher order per- 
turbative QCD effects causing the emission of additional partons on a short 
space-time scale before hadronisation. For example the LEPTO [6] and HER- 
WIG [7] event generators calculate processes up to the first order in as by using 
exact QCD matrix elements convulated with the parton densities in the proton. 
Additional parton emission is generated using the DGLAP [8] equations in a 
so called parton shower evolution. In the ARIADNE [9] Monte Carlo program 
gluons are emitted according to the colour dipole model [10] from independently 
radiating colour dipoles which are stretched between the partons. 

Due to the bremsstrahlung nature of this radiation, most partons will be soft 
or collinear with the emitting parton and will thus not produce separately ob- 
servable jets, but rather cause softening of the hadron momenta and broadening 
of the jet. The reconstruction of a jet must therefore account correctly for both 
the parton emission process and the hadronisation process. 

There are different approaches to describe the fragmentation of partons into 
hadrons. The most naive picture is to assume that the different partons fragment 
independently [independent fragmentation [11]). This model is, however, con- 
nected with several problems like non-conservation of the total flavour, energy 
and momentum, and it is also not Lorentz invariant. In the string fragmentation 
[12] picture a colour flux tube is streched between a quark and an antiquark. If 
the transverse dimension of the tube is assumed to be uniform along its length, 
this automatically leads to confinement with a linearly rising potential. In case a 
gluon is emitted the colour string will be streched from the quark via the gluon 
to the antiquark and, if several gluons are emitted, the string picture becomes 
correspondingly more complicated. As the partons move apart the energy stored 
in the string will increase and eventually it will break up creating new quark an- 
tiquark pairs. The Lund string fragmentation is for example used in the LEPTO 
and ARIADNE programs. The concept of cluster fragmentation [13] contains 
three components. The generation of clusters by parton shower evolution, the 
fragmentation of large clusters into smaller ones, and the decay of clusters into 
hadrons. The clusters are assumed to be the basic units from which hadrons are 
produced. The decay is assumed to be isotropic in the rest frame of the clus- 
ter which gives a compact description with few parameters. This fragmentation 
model is used by the HERWIG generator. 

The intuitive picture of a jet as a collimated flow of particles implies that 
a minimum energy must be available for the jet formation. In particular, the 
particle momenta along the initial parton direction must be much larger than the 
transverse momentum fluctuations induced in the hadronisation process. As the 
parton momentum increases, the jets tend to be more collimated which simplifies 
their identification. Nevertheless, the definition of a jet is not unambigous. 

A number of jet-finding algorithms have been developed to provide ways of 
reconstructing jets but since the definition of a jet is not unique, the algorithms 
all include a parameter which specifies the desired resolution. The input to a 
jet algorithm are 4- vectors representing particles and/or energy clusters in the 
detector and as output the 4-momenta of the jets are given. If the resolution 
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depends on the kinematic region in which the algorithm is applied, a suitable 
scaling variable has to be found to account for this kinematic dependence. 

There are two general types of jet algorithms. The cone algorithms [14] are 
based on the definition of a cone with its tip in the interacti on point and with a 
predefined opening angle, normally defined through R = where 77 is 

the pseudorapidity and (j) the azimuthal angle. The cone is swept over the solid 
angle covered by the detector and a jet is defined by maximizing the total energy 
inside the cone. The cluster algorithms calculate the distances between pairs of 
particles or energy clusters using some distance measure which is specific to each 
algorithm. In an iterative process pairs may be merged until the distance mea- 
sure exceeds a predefined cut-off value, specifying the resolution of the algorithm. 
The jet algorithms which will be mentioned here are two versions of the kr algo- 
rithm and the modified Durham algorithm, which are all cluster algorithms. The 
factorizable kr algorithm [15] uses two distance measures to determine whether 
a particle should be merged with another particle or with the proton remnant 
which is represented by an infinite momentum particle. The distance measures 
are defined as jj = 2min{Ef , Ej)(l — cosdij) and ,> = 2Ef{l — cosOir), 
where i and j represent particles and r the proton remnant. The longitudinally 
invariant kx algorithm [16] uses the same procedure but with cone like distance 
measures; k^ - = 2min(Ex^i, Exj){2lT]jj + and k^^ir = The modi- 

fied Durham algorithm is a modification of the JADE algorithm [17] with one 
distance measure, k^ -j = 2min{Ef , Ej){l — cosOij) and the cut-off parameter 
scaling with IT^. 



2 Inclusive jet cross sections 



The production of multi-jet events at high can be used to test the predic- 
tions by perturbative QCD. The ZEUS collaboration has used a data sample 
corresponding to 42.5 pb“^ to study inclusive jet production. The jets were 
reconstructed in the laboratory system using the longitudinally invariant kx al- 
gorithm on clusters in the calorimeter. Reconstructed jets were required to have 
a transverse momentum greater 14 GeV and only jets within the pseudorapidity 
range — 1 < tjlab < 2 were accepted, since this is the region where the calorime- 
ter offers good acceptance. As an example of the comparisons between data and 
QCD models the differential jet cross section da/dQ"^ is shown in Fig 3a and 
b. It is seen that ARIADNE describes the data very well up to the highest 
bin where a slight deviation can be observed. This is, however, probably due to 
the fact that the version of ARIADNE which was used doesn’t give a proper 
description of the jet cross sections at high . It should also be kept in mind 
that since the jet reconstruction has been performed in the laboratory frame the 
tran verse energies of the jets are strongly influenced by event kinematics. Fur- 
thermore the event sample is dominated by zeroth order 05 events and therefore 
the sensitivity to QCD effects is suppressed. 
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Fig. 3. The differential inclusive jet cross section dtr/dQ* compared to the predictions 
by ARIADNE. 

3 A direct determination of the gluon density in NLO 

A direct determination of the gluon density is not only motivated by its own 
interest, but a comparison with indirect measurements constitutes an important 
test of QCD. The lack of cross section calculations to next-to-leading order 
restricted an earlier analysis to a LO determination [18]. Since then several 
NLO programs, to which various jet algorithms and also experimental cuts can 
be applied, have become available. Although the QCD-Compton process has the 
same event topology as the BGF process and thus constitutes a background, the 
BGF process dominates in the kinematic region investigated. 

A recent HI analysis was based on an integrated luminosity of 36 pb“^ col- 
lected in the years 1994-97. It was performed in a kinematic region which covers 
a wide range in the transverse momentum transfer squared, 10 < < 5000 

GeV^, and was restricted to 0.2 < y < 0.6 in order to get a good determi- 
nation of y from the measurement of the scattered electron and to suppress 
backgrounds from photoproduction processes. The jet reconstruction was per- 
formed in the Breit frame using the longitudinally invariant kr algorithm, since 
this turns out to give the smallest hadronisation corrections, as determined from 
Monte Carlo models. The jets were required to have a transverse energy sum, 
ET,jeti + Exjefi, greater than 17 GeV in the Breit frame and simultaneously the 
transverse energy of each jet had to be greater than 5 GeV. With the additional 
cut —1 < rjjet < 2.5 in the laboratory system, it was ensured that the jets were 
well inside the hadronic calorimeter. The data were corrected for detector effects 
and initial and final state electroweak radiation by performing detailed simula- 
tions using DJANGO [19], which provides an interface between the ARIADNE 
and LEPTO events generators, repectively and HERACLES [20]. 
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Since hadronisation corrections are small, the data have been compared di- 
rectly to a NLO calculation performed with the DISENT program, using the 
CTEQ5M [21] parton density parametrization and its corresponding as(M^) 
value of 0.116. The factorization scale was chosen to be /ty = 200 GeV^, which 
is approximately equal to the average transverse energy squared of the jets in 
the Breit frame. was taken as the renormalization scale squared, Fig. 4a 
shows the corrected differential cross section as a function of the jet scattering 
angle, defined as t}' = ^ regions in Et, B reit of the jets. 

The agreement between the data and the NLO prediction is good and it can be 
observed that the jet production at larger values of pseudorapidity, rj' , is sup- 
pressed as Et increases. In Fig. 4b the differential cross section is plotted against 
the fractional parton momentum, in four different bins for comparisons of 
the data with both the NLO calculation and QCD model predictions. Again the 
NLO prediction reproduces the data, whereas at low Q“ the LEPTO predictions 
fall below the data and at high ARIADNE underestimates the cross section. 
HERWIG with a one loop ag calculation, similar to LEPTO and ARIADNE, is 
unable to describe the data everywhere. It should also be noted that the data 
tend to overshoot the NLO prediction in the lowest ^ bin, which may be an 
indication that the gluon density has been underestimated in the calculation. 

The jet cross section can be written as a convolution of perturbative coefE- 
cients with the parton densities in the proton: 



n ■'0 f 

where the cross section is calculated to all orders in ag and for all quark 
flavours /. The perturbative coefficients are denoted Cg „ for the gluon and cy „ 
for the quarks and the parton density functions are written g(x, jj?^) and ^(a:, yUy) 
for the gluon and the quarks, respectively. The formula illustrates the correla- 
tion between the strong coupling constant and the parton densities, which pre- 
vents an unambigous determination of the gluon density from a deep inelastic 
measurement alone. In order to circumvent this problem the 05 (M|) value of 
0.119± 0.005 from measurements at LEP [22] was used. 

The perturbative coefficients are not all independent but can be reduced 
to three independent coefficients by linear combinations of the single flavour 
coefficients. 



cg = Cg, 

^(i)j 

C£ = l/3(4cd - c„). (8) 



This results in three independent parton densities: 
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Fig. 4. The doubly differential di-jet cross section a) da/dEtdif and b) da/dQ^d^ 
compared to the predictions by a NLO calculation and QCD models. 



/ 

S{x,fif) = -|-9(«,/r/)). (9) 

/ 

Table 1 summarizes which partoii densities contribute to which order in as 
for the inclusive, and the di-jet, cr''’-?®*, cross sections, respectively. 

With the value ofas(M^) fixed to 0.119±0.005 a simultaneous fit of the gluon 
and quark densities in the proton was performed using data both on inclusive DIS 
and on di-jet production. The region for the inclusive data was restricted to 
200 < < 650 GeV^, which is approximately equal to the jet transverse energy 

squared in the di-jet data. This also motivates a fixed value of 200 GeV^ for the 
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Table 1. LO and NLO contributions of the various parton densities to the inclusive 
and di-jet cross sections, respectively. 





LO 


NLO 


incl 

<J 


Zi(x-) 


A{x) 


',G(x) 




G{x),A{x) 


G{x) 


, A[x), S{x) 



factorization scale, /ty. In this kinematic region the inclusive data constrain the 
quark density strongly, whereas the di-jet data is mainly sensitive to the gluon 
density. The di-jet events were required to have > 200 GeV^ in order to 
avoid large NLO corrections and hadronisation effects. For the di-jet data fits 
were made to the double differential cross sections da/dQ^d^ and da/dQ'^dxsj, 
and for the inclusive data to da / dQ'^dxsj , since they are the most sensitive ones 
to the a:-dependence of the parton densities. 

In Fig. 5 the result of the gluon density fit is compared to global fits using 
parton density parametrizations according to CTEQ4M, MRST and GRV94HO, 
and to a QCD analysis of the F 2 structure function as measured by the HI 
collaboration. The direct measurement indicates a somewhat steeper rise with 
decreasing x than the global fits although the results are compatible within the 
error band. On the other hand, the direct measurement is in good agreement 
with the HI QCD analysis of F 2 . The errors are dominated by the uncertainty 
in the energy scales of the electromagnetic and hadronic calorimeters, and in the 
determination of the luminosity. 

4 A study of differential di-jet rates 

In an HI analysis differential di-jet rates have been used for comparisons with 
various QCD models and to a NLO prediction. The differential di-jet rate is 
defined as the number of di-jet events which is obtained with a predefined cut- 
off value for the resolution parameter, t/cut, in the jet algorithm, divided by the 
total number of DIS events. In an iterative process the jet candidates with the 
smallest invariant masses are combined until exactly two hard jets remain. The 
maximum value of the resolution parameter at which two hard jets are resolved 
is denoted y 2 - 

The data used for the analysis by HI were collected in the years 1995-97 and 
correspond to an integrated luminosity of 35 pb“^. The events were restricted to 
the kinematic range > 150 GeV^ and 0.1 > y > 0.7 which results in a data 
sample of 60000 events. The statistics allow a subdivision into three different 
ranges in . 

Two jet algorithms, the factorizable ^y-algorithm and the modified Durham 
algorithm, have been used in the study. The ^T-algorithm was applied in the 
Breit frame with a cut-off value of j /2 > 0.8, which approximately corresponds to 
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Fig. 5. The gluon density in the proton. The result of the direct determination is 
compared to global fits with various parton density parametrizations and to a QCD 
analysis of the proton structure function F 2 . 



a mean transverse jet energy of 10 GeV in the Breit frame. The modified Durham 
algorithm was used in the laboratory system. The resolution parameter was given 
by V 2 = k^/W^, and the cut-off value was chosen to be t /2 = 0.005, which again 
corresponds to a mean transverse jet energy of 10 GeV in the Breit frame. For 
both algorithms the jets were restricted to an angular region 10° < Slab < 140° 
to ensure good detector acceptance. In addition, jets reconstructed below 7° by 
the Durham algorithm were rejected. 

The di-jet distributions presented have been corrected for detector effects 
and the influence of QED radiation. The major systematic error comes from the 
uncertainties in the energy scales of the electromagnetic and hadronic calorime- 
ters. 

Data have been compared to the LEPTO and ARIADNE models and to a 
NLO calculation performed with the DISENT program using as renormaliza- 
tion scale. The hadronisation effects have been estimated from simulations with 
the QCD models and were found to be between 10% and 20%. 

Fig. 6a shows that the j /2 distributions are in good agreement with both 
Monte Carlo models and the NLO prediction in all three bins. The spectra get 
harder as increases. The Zp distributions, however, are not so well described 
by the models which tend to overshoot the data as seen in Fig. 6b. Again the 
NLO calculation reproduces the data. In Fig. 7 the distribution of the polar angle 
for the most forward going jet is plotted and compared to the NLO prediction 
where also the BGF fraction is indicated. At high Q^, where the BGF fraction is 
of the order of 30%, the agreement is good, whereas in the low region, which 
contains 70% BGF, the NLO calculation seems to fall below the data point in 
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the lowest d bin. This might indicate an underestimation of the gluon density in 
the NLO calculation. 
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Fig. 6, The differential di-jet rates as a function of a) y 2 and b) Zp compared to a NLO 
calculation and QCD models. 



5 Measurement of the strong coupling constant 
from di-jet rates 

The ZEUS collaboration has used data collected in the years 1996-97 to inves- 
tigate di-jet rates in deep inelastic scattering with the aim of determining the 
strong coupling constant, as- The data correspond to an integrated luminosity 
of 38 pb”*^. In order to avoid experimental and theoretical difficulties as far as 
possible the analysis was performed in the high region, 470 < < 20000 

GeV^. The event kinematics was extracted using the double angle method [23] 
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Fig. 7. The distribution in polar angle for the most forward going jet compared to a 
NLO calculation. The contribution from the BGF process is indicated. 



which is the method least sensitive to errors in the absolute energy scale of the 
calorimeter. It was also proven to be the most accurate one in the region 
investigated. 

The jet reconstruction was performed in the Breit frame using the longitu- 
dinally invariant fc^-algorithm. Energy clusters in the calorimeter were used as 
jet seeds, and the jet reconstruction procedure followed the Snowmass scheme. 
Events with exactly two jets were selected, where both jets were required to 
have energies above 5 GeV and their energy sum to be above 17 GeV. This cut 
scenario avoids problems with divergencies, related to soft and collinear gluon 
emissions, in fixed order calculations. In order to ensure that the jets were well 
inside the acceptance of the detector they were restricted to the rapidity range 
— 1 < Vlab < 2. 
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Monte Carlo simulations have been used to correct the data for detector 
inefficiences and to take effects from QED radiation and hadronisation into ac- 
count. Further, contributions from Z° exchange had to be included since the 
<5^ range extends as far up as 20000 GeV"^ . Comparisons of the data have been 
made with two versions of the DJANGO program based on the LEPTO and 
ARIADNE Monte Carlo generators. Also the HERWIG program was selected 
for comparisons since it uses a different fragmentation algorithm to describe the 
hadronisation. 

For calulations of NLO cross sections the DJSENT program was used and it 
was checked to be consistent with the results of the DISASTER-f+ program to 
within a few percent. 

Various control plots were produced in order to see how well the data were 
reproduced by Monte Carlo models and the NLO prediction. Fig. 8 shows the 
differential di-jet cross section as a function of the the transverse energies, Et, 
and rapidities, t], of the two jets in the event. The uncertainty due to the hadronic 
energy scale of the calorimeter is the dominant systematic error. The error bars 
contain contributions from all other systematic errors and the statistical errors 
added in quadrature. The NLO calculations have been performed by DISENT 
in the MS renormalization scheme using the parton density parametrization 
according to CTEQ4M [24] and choosing as renormalization 

and factorization scales. A closer look at the renormalization scale dependence 
of the NLO calculation motivates the lower cut of 470 GeV^ above which 
the dependence is very small. Also the dependence on the parton density func- 
tions is small in this region. An excellent agreement between data and the NLO 
calculation is observed in all plots, which is a necessary condition for a reliable 
extraction of the strong coupling constant. 

In each Q^-bin the ratio of di-jet events, R 2+1 = o' 2 +ilo'tot, was calculated 
with the DISENT program. Five different values of the strong coupling constant, 
ranging from 0.110 to 0.122, were used in the CTEQ4M parametrization of 
the parton density functions. The MRST parametrization was also used for a 
consistency check. The di-jet rates obtained for the five as values were fitted 
with a straight line in each Q^-bin to allow for a continuous variation of as with 
the di-jet rate. The 05 value was then extracted through a fif of the NLO 
prediction to the measured di-jet ratio according to: 

2 _ (Rj+i ,meas ^2+\,theor) /'Ifli 

X — 2 _^ 

i=l ^2+1 



The value obtained is: 



as(M|) = 0.120 ±0.003(.sfoi) (11) 

A summary of the systematic errors are given in Fig. 9. As has been men- 
tioned previously, and which is clearly illustrated in the figure, the by far dom- 
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Fig. 8. The di-jet cross sections a) dajdEn, b) dcr/drii), c) dajdEt 2 and d) d(r/dri 2 
compared to the predictions by the NLO calcnlation. 



inant systematic error comes from the uncertainty in the jet energy scale. An- 
other contribution to the experimental systematic error is due to the model 
dependence. The uncertainty due to a variation of the renormalization scale be- 
tween 1/2Q^ and 2Q^, and the dependence on the parton density functions and 
the NLO program used, define the theoretical systematic error. The final result 
including all errors is: 



a5(M|) = 0.120 ± 0.003(s<at) ±Ho6 (exp) (th) (12) 



5.1 Summary 

Jet production in DIS provides an interesting testing ground of perturbative 
QCD, which in many respects offers higher sensitivity and contains more in- 
formation about the proton structure than the inclusive measurements of the 
proton structure function. Over the past few years quite some progress has been 
made in the description of jet production in deep inelastic scattering. Several 
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Fig. 9. Contributions to the systematic errors on the measured as value. 



Monte Carlo programs for calculations of next-to-leading order as jet cross sec- 
tions have been developed, which allow different jet algorithms to be applied 
and experimental cuts to be defined. Although the new programs offer quantita- 
tive agreement at large deviations were observed in the low region. Only 
recently an explanation of these data could be achieved both by a Monte Carlo 
model [25] and by a NLO calculation [26] by, in addition to interactions with a 
pointlike photon, also including contributions where the interaction takes place 
with the parton content of the photon. 
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Abstract. The status of next-to-leading-order corrections to jet cross sections in 
deeply inelastic scattering is reviewed. I give a brief introduction into the techniques 
which are used to calculate Jet cross sections, and make a few remarks on a recent 
program comparison. A third part gives a few results of recent measurements of the 
strong coupling constant as(p^) and the gluon density 



1 Introduction 

The increased integrated luminosity at HERA permits the study of hadronic 
final states of deeply-inelastic processes in great detail [1,2]. Earlier analyses 
of this kind of process suffered mainly from the poorly understood emission of 
particles in the forward region. The situation is improved now, because a larger 
event sample allows for harder cuts on the photon virtuality Q and the transverse 
momentum Et of the jets, the latter cut excluding jets in the forward region. 

Besides testing QCD, the measurement of (2+l)-jet final states has two main 
applications: the measurement of the strong coupling constant and the 

determination of the proton’s gluon density fg/p{E Figure 1 shows the basic 
two leading-order processes which contribute to (2-fl)-jet final states. Diagram 
(a) is the so-called QCD-Compton process, and (b) is called boson-gluon fusion’ . 
The corresponding cross sections are of 0{ag), and thus the strong coupling con- 
stant can be measured, preferably via the (2-|-l)-jet rate R 2 +I = <^2-|-l/‘^tot) if 
the parton densities are assumed to be known. Conversely, the cross section of 
process (b) is a convolution of a hard scattering cross section with the gluon den- 
sity fgfp{^, By subtraction of the well-known quark-initiated contribution 
and a suitable unfolding procedure, the gluon density can be extracted. 

Because of the scale dependence of the strong coupling constant and 
the parton densities /,/p, perturbative calculations have to be done beyond 
the leading order to be physically meaningful. Virtual corrections suffer from 
two problems. Large loop momenta introduce ultraviolet singularities, which are 
removed by renomalisation. Small loop momenta lead to infrared singularities. 
These cancel, in principle, against divergences from the real corrections, but they 
lead to certain technical problems in the calculations. 

The outline of this paper is as follows: in Section 2 I describe the cancellation 
mechanism of infrared divergences in jet cross sections, and make a few remarks 

’ There are, of course, two additional diagrams: the gluon in (a) attached to the 
outgoing quark, and the diagram with quark and antiquark exchanged in (b). 
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Fig. 1. The leading-order processes for (2-l-l)-jet production: (a) the QCD-Compton 
diagram, (b) the boson-gluon fusion diagram. 



concerning the techniques used to achieve this. In Section 3, the available calcu- 
lation for jet cross sections in DIS are discussed and compared. Recent results 
of data analyses of jets at HERA and a general discussion of scale choices are 
given in Section 4. 

2 QCD at Work 

QCD is the microscopic theory of the strong interactions. Perturbative QCD, 
the evaluation of the theory at large scales for small values of the strong cou- 
pling constant, is very successful in describing high-energy scattering processes. 
Except for very inclusive observables in e+e” annihilation, however, perturba- 
tion theory is not sufficient to arrive at phenomenological predictions, because 
non-perturbative input is required. Factorization theorems of QCD [3] guarantee 
that the non-perturbative part of the description is process-independent. In DIS, 
for example, parton densities fi/p{^, fi'j) are required in order to describe the 
distribution of partons in the proton. 

The standard description of processes in QCD is illustrated in Fig. 2. A 
hard scale, in DIS usually the photon virtuality Q'^ ^ ^QCD’ k>r a 

perturbative calculation in fixed order of perturbation theory (I). In the case 
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Fig. 2. The standard description of processes in QCD phenomenology consists of three 
stages. Processes are modelled by a hard scattering process (1), followed by a parton 
cascade (QCD in the collinear / leading logarithmic approximation, 11) and a phe- 
nomenological fragmentation model (111). The quantity sij is the invariant mass of a 
typical pair of partons after the splitting process. 



of generators, a parton cascade (II) is appended, which simulates QCD in the 
collinear limit of parton branching processes. Finally, in order to obtain final- 
state hadrons instead of partons, a phenomenological fragmentation model (III), 
such as the Lund string model [4], is used. Steps (II) and (III) involve certain 
choices of parameters, for example cut-off parameters for the parton cascade. 
In contrast, for step (I) there is, except for the parton density parametrization 
fi/p, essentially just one parameter determining the process: the strong coupling 
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constant. In QCD generators, the matrix elements (I) are usually calculated in 
leading order only — it is not known how to append a parton cascade in full 
generality and consistently to a calculation beyond leading order^. The virtue of 
a generator is that it produces a final state as it is seen in an experiment, and 
that hadronization effects are included. The main drawback is that generator 
results usually depend on a large number of tuned parameters. 

A conceptually cleaner approach is to rely on a fixed-order QCD calculation 
with a suitable observable that can be evaluated both for parton and hadron 
final states. This is presently the standard procedure for data analysis of DIS 
hadronic final states. Generators are used to determine correction factors from 
the hadron to the parton level. The spread from various fragmentation models 
gives a contribution to the systematic error of a measurement. Observables are 
chosen according to the criterion of small hadronization corrections. Another 
important property for suitable observables is infrared-safety. Together with the 
factorization theorems of QCD, this property makes sure that expectation val- 
ues of observables calculated in perturbative QCD are finite. Infrared-safe ob- 
servables behave well in soft and collinear limits: collinear parton splitting and 
radiation of soft partons do not change the value of an observable. Incidentally, 
this is also a property that good experimental observables are supposed to have. 
Calorimetric measurements are insensitive to modifications of the final state of 
this kind. For more details, I wish to refer the reader to Refs. [6,7]. 

Cancellation of infrared singularities occurs between real and virtual correc- 
tions, a mechanism originally discovered in QED. The main problem in next- 
to-leading-order calculations is to perform the calculation of the real corrections 
without knowing the specific form of the observable to be calculated. There are 
two basic methods to do this: the phase-space-slicing method and the subtraction 
method. Here I do not have enough space to describe these methods in detail, 
descriptions can be found in Refs. [8,6] and the references cited therein. I just 
mention that for phase-space slicing a small technical cut-off parameter 2/niin 
has to be introduced. Partons are considered to be technically nnresolvable if a 
quantity such as their scaled invariant mass is smaller than this cut-off. Infrared 
singularities from unresolved configurations of this kind cancel explicitly. The 
method is observable-independent, because infrared-safe observables are insensi- 
tive to unresolved partons. Contrary to this, the cancellation of IR singularities 
in the subtraction method is done locally in phase space. No technical cut-off is 
required, but the construction of the required subtraction terms is cumbersome. 
In QCD, there are two distinct types of IR singularities: 

• Two massless partons may be collinear (Fig. 3). The real cross section 
in the collinear limit may be approximated by the expression 

^^real ~ ^ Pk^U^) c^Born ■ (1) 

It is proportional to the Born cross section and an unsubtracted split- 

ting function Pkj^i{u). 

^ There is a recent proposal for a matching procedure, see Ref. [5]. 
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Fig. 3 . Collinear limit: splitting of a quark into a quark and a gluon. The incident 
quark’s momentum fraction carried by the outgoing quark in the collinear limit is u, 
and the azimuthal angle of the gluon with respect to a fixed external axis is (/?. 



• A soft gluon is radiated (Fig. 4). An eikonal approximation yields an expres- 
sion of the form 



*^real 



^ y a 

27T ^ 



ijk 






PiPj 

(PiPk)iPjPk) 






( 2 ) 



with fixed coefficients C'ijk. 

After a separation of overlapping singularities, these expressions are used 
to generate an approximation term for the subtraction method. For collinear 
singularities in the case of the splitting g ^ gg, the subtraction term is actually 
dependent on the angle (p. 

3 Calculations of Jet Cross Sections in DIS 

By now there are several calculations for (2-|-l)-jet processes available with cor- 
responding weighted Monte-Carlo programs. The two early programs PRDJET 
[10-12] and DISJET [13,15,14] were restricted to the modifed JADE clustering 
scheme. Subsequent calculations were universal in the sense that in principle 
arbitrary infrared-safe observables could be calculated: 

• MEPJET [16]; This is a program for the calculation of arbitrary observables 
which uses the phase-space-slicing method. The corresponding calculation 
[17] uses the Giele-Glover formalism [18] for the analytical calculation of 
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Fig. 4. Soft limit: the gluon attaches to two different quark lines i and j from the 
matrix element M and its complex conjugate M. 



the IR-singular integrals of the real corrections, and the crossing-function 
technique [19] to handle initial-state singularities. The latter requires the 
calculation of “crossing functions” for each set of parton densities. 

• DISENT [20]: This program is based on the subtraction method. The subtrac- 
tion term is defined by means of the dipole formalism^ [21,22]. 

• DISASTER++ [23]: This is a C++ class library^ . The subtraction method is em- 
ployed, and the construction of the subtraction term resembles the method 
of Ref. [8], i.e. it is obtained by the evaluation of the residues of the cross 
section in the soft and collinear limits. Double counting of soft and collinear 
singularities is avoided by means of a general partial fractions method. 

• JetViP [24]: This program implements the calculation of [25], ■which extends 

the previous calculations into the photoproduction limit — >• 0. The cal- 

® The subtraction term is written as a sum over dipoles (an “emitter” formed from two 
of the original partons and a “spectator” parton). Besides the factorization theorems 
of perturbative QCD, the main ingredient is an exact factorization formula for the 
three-particle phase space, which allows for a smooth mapping of an arbitrary 3- 
parton configuration onto the various singular contributions. 

^ The acronym stands for “Deeply Inelastic Scattering: All Subtractions Through Eval- 
uated Residues”. The program is written in C++. A FORTRAN interface is available; 
thus there is no problem to interface the class library to existing FORTRAN code. 
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culation has been done by means of the phase space slicing method. Up to 
now, the polarization of the virtual photon is restricted to be longitudinal 
or transverse. 

These four programs have been compared in detail during the recent work- 
shop on Monte Carlo generators for HERA physics [26-28], both for jet cross 
sections and event shape variables. It turns out that DISENT and DISASTER++ 
agree well for jet cross sections [27]. The results for event shapes are in agree- 
ment as well, except for the current jet broadening variable B [28]. It is not yet 
known where this residual discrepancy comes from; jet broadening is an infrared- 
safe shape variable, but it regularizes the (l-l-l)-jet singularity poorly. It may 
well be that the different results come from a numerical instability in one of 
the programs. The MEPJET program shows systematic differences with respect 
to DISASTER++/DISENT for jet cross sections (no comparison of shape variables 
has been done) even for physical setups of integration parameters. The results 
are stable against variations of the phase-space slicing parameter. The JetViP 
results show deviations from the DISASTER++/DISENT results as well, but the 
differences are smaller than for MEPJET. The JetViP results depend on the tech- 
nical phase-space slicing cut-off parameter [27], which is a sign that the final 
result is not completely stable. 




Fig. 5. A (2-f-l)-jet event in the Breit frame. The transverse momentum is balanced. 
An additional soft parton of an event close to the transverse momentum cut-off drives 
the transverse momentum of one of the jets below threshold. 



A problem with transverse momentum cuts which has recently been observed 
is illustrated in Fig. 5. A cut of Ej, on the transverse momenta of both jets 
leads to a quantity which is sensitive to the emission of soft particles. If the event 
is close to the threshold, the emission of a particle with a very small energy 
removes it from the event sample. This in itself is not critical; after all, this 
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is what cuts are supposed to do. However, what is affected is the cancellation 
of infrared singularities. In a next-to-leading-order calculation, a process with 
two high-i^y partons and a soft gluon contributes to the cancellation of IR 
singularities from the virtual corrections. The singularities themselves will of 
course cancel, but the cross section will become very sensitive to other cuts, 
which is, of course, undesirable. A possible cure for this is to impose asymmetric 
cuts on the transverse momenta, i.e. conditions such as Et,i > Ej, jj^in’ ^t ,2 > 
Et min + ^ Et,i > Et, 2 , and A = 0(few GeV). 



4 Comparison with Data: and fg/p{^i 

Both HI and ZEUS have published measurements of the strong coupling con- 
stant as{jP) from jet rates in DIS [1,2]. The HI results are shown in Fig. 6. 
Experimental jet cross sections for the inclusive algorithm vs. NLO the- 
ory (DISENT) for CTEQ6M parton densities and ag^rn^) — 0.118 are displayed 
in Fig. 6(a). This impressive agreement suggests that the strong coupling con- 
stant may be extracted from hadronic final states in DIS. This is illustrated in 
Fig. 6(b). The chosen renormalization scale in this case is the transverse mo- 
mentum Et- The final result of a combined fit of all data points is a^(m|) = 
0.1181 ± 0.0030(exp.)to oo 4 e(th.), which is consistent with the world average 
value. Moreover, the plots show the running of the coupling constant. A mea- 
surement using Q as the renormalization scale (not shown here) leads to the 
result aj(m|) = 0.1221 ± O.OOSdlg oQsg, which is compatible with the result for 
fj. = Et- According to Ref. [1], the larger theoretical error comes from the larger 
renormalization scale dependence of the choice /i — Q. 

The direct extraction of the gluon density by HI is shown in Fig. 7 [29]''’. 
The procedure was to do a fit of quark and gluon densities to a combined data 
set of the total DIS cross section and the inclusive DIS jet cross section for a 
given value of a^; the former constraining the quark densities, and the latter 
constraining the gluon density. The result for fg/p{(,) is compatible with the 
results from global fits. 

There is, of course, the question of the right scale choice. Scale dependence 
comes in because the perturbative series is truncated. Physical results to all 
orders would be scale-independent. The choice of a scale essentially corresponds 
to the choice of a renormalization prescription. To a certain degree, perturbation 
theory takes care of itself: scale variations of a quantity calculated to order a" 
in perturbation theory have a residual scale dependence of order This 

residual scale dependence may be large, which means that the coefficient of this 
term is large. In practice, there are two approaches for the choice of a scale. The 
first approach, a procedure employed frequently in experimental analyses, is to 
choose some central value ji equal to one of the energy scales of the process, and 
to take the spread of the results in the interval fi/2 to to be the uncertainty 
from the theoretical prediction. This is justified by the reasoning that the scale 

® See also Ref. [30]. 
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HI preliminary 

determination from inclusive jet cross section • ctj,(E^) (determined) 

using CTEQ5M parton distributions A Og(M 2 ) (extrapolated) 





(a) 



(b) 



Fig. 6. Preliminary 111 results [l] for jet cross sections and the strong coupling constant: 
(a) Comparison of data and NLO results (DISENT). (b) Extracted value of a's(By) in 
various bins of . 



dependence of the finite-order result is exactly identical to the scale dependence 
of the uncalculated higher-order terms. Thus, the scale dependence reflects the 
size of these terms, and consequently is an estimate of the error made. There 
are two criticisms: there are scale-independent contributions from higher orders, 
which are not captured by this procedure, and, in any case, the variation does not 
determine the absolute size. The second approach invokes some higher principle 
(such as BLM [31], PMS [32] and FAC [33]), justified in turn either by a physical 
principle (as for BLM), by an assumption on the behaviour of the perturbative 
series (for PMS and FAC), or even by a fitted parameter p, with, for example, p — 
pQ. Not all of these scales can be “correct”, because they have different values, 
and what comes out is (necessarily) a typical scale of the process multiplied by 
a numerical factor. Admittedly, this numerical factor can be different from one. 
In a certain sense, what is done in the first approach is to estimate the spread 
of the scale dependence from various a priori scenarios. 

Typically, there are several physical scales which are relevant in a process, 
in the case at hand the photon virtuality Q and the transverse momentum Et 
of the jets in the Breit frame. Fixed-order perturbation theory breaks down if 
these scales are very different, because large logarithms of ratios of these scales 
lead to large coefficients, which in turn spoil the perturbative expansion. The 
proper way to handle this problem would be resummation. So far, no resummed 
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X 



Fig. 7. Preliminary HI result for the direct extraction of the gluon density [29], 



calculation for jet cross sections in DIS is available. Since none of the available 
scales is to be preferred, the safest procedure at present is to employ all of them 
in turn, and quote the resulting differences as a theoretical error. 

5 Summary 

I have given a brief review of the techniques employed in next-to-leading-order 
QCD calculations. In particular, I have discussed the singularity structure of the 
real corrections. From a principal point of view, fixed-order perturbation theory 
is the cleanest approach to theoretical predictions: it depends on the smallest 
number of input parameters (essentially the strong coupling constant and parton 
densities), and it is not fragmentation-model dependent. 

The situation concerning next-to-leading-order calculations for deeply inelas- 
tic processes has improved. Several independent calculations for (2-|-l)-jet-like 
quantities are available, with different methods used to extract infrared singular- 
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ities. The programs have been compared in some detail in the framework of the 
recent workshop on Monte Carlo generators for HERA. Two of them, DISENT 
and DISASTER++, agree well, with the exception of the jet broadening shape 
variable. 

Measurements of and fg/p are by now well established. Compared to 
earlier analyses, the present measurements are more reliable, mainly due to larger 
event samples and as a consequence the possibility of stricter cuts on transverse 
momenta of jets, which reduces the problems with jets in the forward direction. 

Acknowledgements 

I would like to thank the organizers of the workshop for the invitation to Ring- 
berg castle and Doreen Wackeroth for a critical reading of the manuscript. 



References 

1. Hi Collaboration, Determination of the Strong Coupling Constant from Inclusive 
Jet Cross Sections in Deep-Inelastic Positron-Proton Collisions at HERA, in: Pro- 
ceedings of the International Europhysics Conference on High Energy Physics, Tam- 
pere, Finnland (1999) 

2. ZEUS Collaboration, Measurement of Differential Cross Sections for Dijet Produc- 
tion in Neutral Current DIS at High and Determination ofa^, in: Proceedings 
of the International Europhysics Conference on High Energy Physics, Tampere, 
Finnland (1999) 

3. J.C. Collins, D.E. Soper, and G. Sterman, in: Perturbative Quantum Chromody- 
namics, ed. A.H. Mueller, World Scientific (Singapore, 1989) 

4. B. Andersson, G. Gustafson, and C. Peterson, Z. Phys. Cl (1979) 105; B. Anders- 
son, G. Gustafson, and B. Soderberg, Z. Phys. C20 (1983) 317; T. Sjdstrand, Nucl. 
Phys. B248 (1984) 469 

5. C. Friberg and T. Sjostrand, Some thoughts on how to match leading-log parton 
showers with NLO matrix elements, to be published in: Proceedings of the workshop 
on Monte Carlo generators for HERA physics (1998/99) 

6. D. Graudenz, Deeply Inelastic Hadronic Final States: QCD Corrections, in: Pro- 
ceedings of the workshop on new trends in HERA physics, Ringberg castle, May 
1997 

7. D. Graudenz, Jets and Fragmentation, in: Proceedings of the Durham workshop on 
HERA physics 1998 

8. Z. Kunszt and D.E. Soper, Phys. Rev. D46 (1992) 192 

9. D. Graudenz, The three-jet cross section at order in deep-inelastic electron- 
proton scattering, Doctoral thesis (September 1990) 

10. D. Graudenz, Phys. Lett. B256 (1991) 518 

11. D. Graudenz, Phys. Rev. D49 (1994) 3291 

12. D. Graudenz, Comput. Phys. Commun. 92 (1995) 65 

13. T. Brodkorb and J.G. Korner, Z. Phys. C54 (1992) 519 

14. T. Brodkorb and E. Mirkes, Z. Phys. C6G (1995) 141 

15. T. Brodkorb and E. Mirkes, DISJET program manual, preprint MAD/PIl/821 
(Madison 1994) 




166 



Dirk Graudenz 



16. E. Mirkes and D. Zeppenfeld, MEPJET 2.0 program manual, unpublished (1997) 

17. E. Mirkes and D. Zeppenfeld, Phys. Lett. B3S0 (1996) 205 

18. W.T. Giele and E.W.N. Glover, Phys. Rev. D46 (1992) 1980 

19. W.T. Giele, E.W.N. Glover and D.A. Kosower, Nucl. Phys. B403 (1993) 633 

20. S. Catani and M. Seymour, DISENT 0.1 program manual, unpublished (1997) 

21. S. Catani and M. Seymour, in: Proceedings of the workshop on future physics at 
HERA, eds. G. Ingelman, A. De Roeck, R. Klanner (Hamburg 1995/96) 

22. S. Catani and M. Seymour, Nucl. Phys. B485 (1997) 291 

23. D. Graudenz, DISASTER++ version 1.0.1 program manual, preprint hep-ph/9710244 
(December 1997) 

24. B. Potter, JetViP 1.1 program manual, Coinput. Phys. Commun. 119 (1999) 45 

25. B. Potter, Nucl. Phys. B540 (1999) 382 

26. D. Graudenz and M. Weber, NLO Programs for DIS and Photoproduction: Report 
from Working Group SO, to be published in: Proceedings of the workshop on Monte 
Carlo generators for HERA physics (1998/99) 

27. C. Duprel, Th. Hadig, N. Kauer, and M. Wobisch, Comparison of next-to-leading 
order calculations for jet cross sections in deep-inelastic scattering, to be published 
in: Proceedings of the workshop on Monte Carlo generators for HERA physics 
(1998/99) 

28. G. McCance, NLO program comparison for event shapes , to be published in: Pro- 
ceedings of the workshop on Monte Carlo generators for HERA physics (1998/99) 

29. HI Collaboration, Direct Determination of the Gluon Density in the Proton from 
Jet Cross Sections in Deep- Inelastic Scattering, in: Proceedings of the 7*^^ Interna- 
tional Workshop on Deep Inelastic Scattering and QCD, Zeuthen, Germany (1999) 

30. M. Hampel, Measurement of the Gluon Density from Jet Rates in Deep Inelastic 
Scattering, Doctoral thesis, preprint PITHA 97/13 (Aachen Univ., February 1997) 

31. S.J. Brodsky, G.P. Lepage, and P.B. Mackenzie, Phys. Rev. D28 (1983) 228 

32. P.M. Stevenson, Phys. Rev. D23 (1981) 2916 

33. R. Seznec and J. Zinn-Justin, J. Math. Phys. 20 (1979) 1398 




Hadronic Final States 

in Deep Inelastic Scattering at HERA 



Nick Brook 

Dept, of Physics & Astronomy, University of Glasgow, 

Glasgow, G12 8QQ. United Kingdom. 

(On behalf of the HI and ZEUS Collaborations) 



Abstract. Results on the analysis of the hadronic final state in neutral current deep 
inelastic scattering at HERA are presented; recent results on inclusive single particle 
distributions, particle correlations and event shapes are highlighted. 



1 DIS kinematics 

The event kinematics of deep inelastic scattering, DIS, are determined by the 
negative square of the four-momentum transfer at the lepton vertex, = —q^, 
and the Bjorken scaling variable, x = j2P ■ q, where P is the four-momentum 
of the proton. In the quark parton model (QPM), the interacting quark from 
the proton carries the four-momentum xP. The variable y, the fractional energy 
transfer to the proton in the proton rest frame, is related to x and by y ~ 

jxs^ where -\/s is the positron-proton centre of mass energy. 

Neutral current (NC) DIS occurs when an uncharged boson (7, Z°) is ex- 
changed between the lepton and proton. In QPM there is a I-l-l parton configu- 
ration which consists of a single struck quark and the proton remnant, denoted 
by At HERA energies there are significant higher-order quantum chromo- 

dynamic (QCD) corrections: to leading order in the strong coupling constant, 
Os, these are QCD-Compton scattering (QCDC), where a gluon is radiated by 
the scattered quark and boson-gluon- fusion (BGF), where the virtual boson and 
a gluon fuse to form a quark-antiquark pair. Both processes have 2-1-1 partons 
in the final state. There also exist calculations for the higher, next-to-leading 
(NLO) processes. 

A natural frame in which to study the dynamics of the hadronic final state in 
DIS is the Breit frame [1]. In this frame, the exchanged virtual boson (7*) is com- 
pletely space-like and has a four-momentum q = (0,0,0,— Q = — = 
(A, P2;, py, Pz), where is the momentum of the proton in the Breit frame. 

The particles produced in the interaction can be assigned to one of two regions: 
the current region if their z-momentum in the Breit frame is negative, and the 
target region if their z-momentum is positive. The main advantage of this frame 
is that it gives a maximal separation of the incoming and outgoing partons in the 
QPM. In this model the maximum momentum a particle can have in the current 
region is Q/2, while in the target region the maximum is « Q{1 — x)j2x. In the 
Breit frame, unlike the hadronic centre of mass (7*p) frame, the two regions are 
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asymmetric, particularly at low cc, where the target region occupies most of the 
available phase space. 



2 Current Fragmentation Region 

The current region in the ep Breit frame is analogous to a single hemisphere 
of e“'"e“ annihilation. In e+e“ — >■ qq annihilation the two quarks are produced 
with equal and opposite momenta, ±y^s^/2. The fragmentation of these quarks 
can be compared to that of the quark struck from the proton; this quark has 
an outgoing momentum —(5/2 in the Breit frame. In the direction of this struck 
quark the scaled momentum spectra of the particles, expressed in terms of Xp = 
are expected to have a dependence on Q similar to that observed in 
e“*"e“ annihilation [2,3,4] at energy = Q. 



2.1 Evolution of ln(l/a;p) Distributions 

Within the framework of the modified leading-log approximation (MLLA) there 
are predictions of how the higher order moments of the parton momentum spec- 
tra should evolve with the energy scale [5,6]. These parton level predictions in 
practice depend on two free parameters, a running strong coupling, governed by 
a QCD scale A, and an energy cut-off, (5o, below which the parton evolution is 
truncated. In this case A is an effective scale parameter and is not to be identified 
with the standard QCD scale, e.g. In particular, predictions can be made 

at (5o = A yielding the so-called limiting spectrum. The hypothesis of local par- 
ton hadron duality (LPHD) [7], which relates the observed hadron distributions 
to the calculated parton distributions via a constant of proportionality, is used 
in conjunction with the parton predictions of the MLLA to allow the calculation 
to be directly compared to data. 

The moments of the ln(l/xp) distributions have been investigated up to the 
4th order [8]; the mean (/), width (w), skewness (s) and kurtosis (fc) were ex- 
tracted from each distribution by fitting a distorted Gaussian of the following 
form: 



1 da 

^1 /I / ^ 

atot dln(l/xp) 




^^sS-\{2 + k)S^+^^s6^+^k6^y 



( 1 ) 



where 6 = (ln(l/xp) — l)/w, over a range of ±1.5 units (for < 160 GeV^) or 
±2 units (for > 160 GeV^) in ln(l/a;p) around the mean. The equation is 
motivated by the expression used for the MLLA predictions of the spectra [5] . 

Figure 1 shows the moments of the ln(l/a;p) spectra as a function of Q^. 
It is evident that the mean and width increase with increasing Q^, whereas 
the skewness and kurtosis decrease. Similar fits performed on e+e” data [9] 
show a reasonable agreement with our results, consistent with the universality 
of fragmentation for this distribution at large Q^. 

The data are compared to the MLLA predictions of Ref. [6], using a value 
of A = 175 MeV, for different values of Qq. A comparison is also made with 
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* 0.6 1 O""* < X < 1,2 1 O"’ 

• 1 .2 1 O'* < X < 2,4 1 O'® 

■ 2,4 1 < X < 10, 1 O"’ 

1 ,0 1 < X < 5. 1 O'"' 



- 0.025 < X < 0. 1 5 
* 0,05 < X < 0,25 

zi e*e~ 




Fig. 1. Evolntion of the mean, width, skewness and kurtosis of the ln(l/xp) distribn- 
tion in the cnrrent fragmentation region with Q^. Data from e”'"e“ and ep are shown 
together with the MLLA predictions of Dokshitzer et al [6] (the full line is Qo — A, 
the dashed Qo = 2/1, and the dotted Qo = 3/1) and the limiting spectrum predictions 
of Fong and Webber [5] (dash-dotted line where available.) The overlapping points are 
different x ranges in the same Q^ range. The inner error bars are the statistical error 
and the outer error bars are the systematic and statistical errors added in qnadratnre. 



the predictions of Ref. [5] for the limiting spectrum (Qo = The MLLA 
predictions of the limiting spectrum in Ref. [6] describe the mean well. However 
both of the MLLA calculations predict a negative skewness which tends towards 
zero with increasing in the case of the limiting spectra. This is contrary to 
the measurements. The qualitative description of the behaviour of the skewness 
with can be achieved for a truncated cascade (Qo > but a consistent 
description of the mean, width, skewness and kurtosis cannot be achieved. 
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It can be concluded that the MLLA predictions, assuming LPHD, do not 
describe the data. It should be noted however that a moments analysis has 
been performed [10], taking into consideration a mass to account for the fact 
the MLLA predictions are for scaled energy not momentum; this yields good 
agreement between the limiting case of the MLLA [6] and e+e“ data over a 
large energy range, 3.0 < < 133.0 GeV. 

2.2 Evolution of the Xp Distributions 

Scaling violations are predicted in the fragmentation functions, which represent 
the probability for a parton to fragment into a particular hadron carrying a 
given fraction of the parton’s energy. Fragmentation functions, like parton den- 
sities, cannot be calculated in perturbative QCD but can be evolved with the 
hard-process scale, using the DGLAP evolution [11] equations, from a starting 
distribution at a defined energy scale; this starting distribution can be derived 
from a fit to data. If the fragmentation functions are combined with the cross 
sections for the inclusive production of each parton type in the given physi- 
cal process, predictions can be made for scaling violations, expressed as the 
evolution of the Xp spectra of final state hadrons [12]. The NLO calculations 
(GYGLOPS) [13] of the scaled momentum distribution exist for DIS. 

The inclusive charged particle distribution, \jatot da/dxp, in the current 
fragmentation region of the Breit frame is shown in bins of Xp and in Fig. 2. 

The ZEUS [8] and HI [14] data are in good agreement. The fall-off as increases 

for Xp > 0.3 (corresponding to the production of more particles with a smaller 
fractional momentum) is indicative of scaling violations in the fragmentation 
function. The distributions rise with for Xp < 0.1 and are discussed in more 
detail below. The data are compared to e+e“ data [15] (divided by two to account 
for the production of a qq pair) at = See- For the higher values shown 
there is a good agreement between the measurements in the current region of the 
Breit frame in DIS and the e“'"e“ results; this again supports the universality of 
fragmentation. The fall-off observed in the HERA data at low Xp and low is 
greater than that observed in e+e” data at SPEAR [16]; this can be attributed 
to processes not present in e+e“ (e.g. scattering off a sea quark and/or boson 
gluon fusion (BGF)) which depopulate the current region [17,18]. 

A kinematic correction has recently been suggested [19] to the NLO cal- 
culation [13] of the inclusive charged particle distribution which has the form, 
l/{l + {mee/{Qxp))‘^), where nies is an effective mass to account for the assump- 
tion of massless hadrons in the fragmentation functions. It is expected to lie in the 
range 0.1 GeV < mes < 1.0 GeV. The Xp data are compared to the GYGLOPS 
NLO QGD calculation incorporating this correction in Fig. 2. This calculation 
combines a full next-to-leading order matrix element with the MRSA' parton 
densities (with Aqcd = 230 MeV) and NLO fragmentation functions derived 
from fits to data [20]. The kinematic correction allows a more legitimate 
theoretical comparison to lower and Xp than was possible in earlier publica- 
tions [21]. The bands represent the uncertainty in the predictions by taking the 
extreme cases of meS = 0.1 GeV and nieS = 1.0 GeV. These uncertainties are 




Hadronic Final States 



171 



ZEUS 1994-97 




Fig. 2. The inclusive charged particle distribution, \jatot da /dxp, in the current frag- 
mentation region of the Breit frame. The inner error bar is the statistical and the outer 
error bar shows the systematic and statistical errors added in quadrature. The open 
points represent data from e”'"e“ experiments divided by two to account for q and q 
production (also corrected for contributions to the charged multiplicity from Kg and 
A decays). The low energy MARK II data has been offset slightly to the left for the 
sake of clarity. NLO predictions [13] multiplied by the kinematic correction described 
in the text. The shaded area represents the extreme cases 0.1 GeV < rrieff < 1.0 GeV. 
The upper band corresponds to meff = 0.1 GeV and the lower band rrieg = 1.0 GeV. 



large at low and low Xp, becoming smaller as and Xp increase. Within 
these theoretical uncertainties there is good agreement throughout the selected 
kinematic range. ZEUS found the kinematic correction describes the general 
trend of the data but it was not possible to achieve a good fit for rueS over 
the whole Xp and range. In contrast HI reported at DIS’99 [14] that a good 
description of the data could be achieved with a value of TOeff = 0.6 GeV. The 
dashed line shows the ZEUS NLO calculation from CYCLOPS multiplied by the 
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kinematic correction using Weff = 0.6 GeV. There is not a good description of 
the data, therefore it is concluded the distribution also depends strongly on the 
parameters used to generate the NLO predictions. The uncertainties introduced 
by this kinematic correction restrict to high and high Xp the kinematic range 
that may be used to extract from the observed scaling violations. 

3 Target Fragmentation 

DIS at low X allows a study of fragmentation in the target region following 
the initial scattering off a sea quark (or antiquark). The description based on 
MLLA [22] is shown schematically in Fig. 3, where the quark box at the top of 
the gluon ladder represents the scattered sea quark plus its antiquark partner. 
The MLLA predictions are made up of a number of contributions. Contribution 
C, the top leg of the quark box, corresponds to fragmentation of the outgoing 
quark in the current region. Three further contributions (Tl, T2 and T3), which 
are sources of soft gluons, are considered in these analytical calculations to be 
associated with the target region. It is predicted [22] that the contribution Tl(the 
bottom leg of the quark box) behaves in the same way as the current quark C and 
so should have no x dependence. The contribution T2 is due to the colour field 
between the remnant and the struck quark, and the contribution T3 corresponds 
to the fragmentation of the rungs in the gluon ladder. Both T2 and T3 are 
predicted to have x and dependences which differ from Tl. Both the Tl and 
T2 contributions have been calculated and give particles of momenta < <5/2. 
The collinear gluons T3, on the other hand, generally fragment to particles with 
momentum ^Ql2. For values of the scaled momentum Xp < 1.0, the region of 
phase space is analogous to the current region and has contributions mainly from 
Tl and T2. The parton momentum spectra predicted by MLLA, over a range of 
and x, are shown in more detail in Ref. [3]. In the target region these spectra 
are approximately Gaussian for < 1; they peak at a value of ~ 0.1 — 0.2 
in the range of x and measured by ZEUS [8], falling to a plateau region for 
1 < Xp < {1 — x)/x (the maximum value of Xp in the target region). 

The distributions in ln(l/xp) are shown for both the target and current 
regions in Fig. 4. The fitted curves shown are two-piece normal distributions [23] 
to guide the eye. In contrast to the current region, the target region distribution 
does not fall to zero as ln(l/a;p) tends to zero. Although the magnitude of the 
single particle density at the peak position of the current region distribution 
grows by a factor of about three over the range shown, the single particle 
density of the target distribution, at the Xp value corresponding to the peak of the 
current distribution (contribution G is equivalent to contribution Tl), depends 
less strongly on and increases by only about 30%. In addition the ln(l/xp) 
distribution shows no significant dependence on x when is kept constant. In 
the target region the peak position of the ln(l/a;p) distribution increases more 
rapidly with than in the current region; this is consistent with the behaviour 
expected from cylindrical phase space. The approximate Gaussian distribution 
of the MLLA predictions peaking at ln(l/a:p) ~ 1.5 — 2.5 [3] is not observed. 
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Fig. 3. A schematic of DIS scattering at low x within the MLLA framework. Quark 
C represents the struck sea quark in the current fragmentation region. T1 is the other 
half of the quark box which is in the target region. T2 is the t-channel gluon exchange 
and T3 the rungs of the gluon ladder. 



The results strongly suggest that the target distributions are inconsistent with 
the MLLA predictions when used in conjunction with LPHD. 



4 Rapidity Distributions 

There are predictions, based on LPHD, for the rapidity distribution of charged 
particles in the Breit frame [24]. 

(Rapidity is defined as P = In {{E + p^)/ {E — p ^)) , where E is the energy of the 
particle and Pz is the longitudinal component of its momentum.) It is predicted 
that there is a sharp rise in the charged particle density followed by a plateau 
with a width proportional to ln((5) as one moves from the current to the target 
fragmentation region. It is also predicted that there will be another increase in 
the particle density and an appearance of a second plateau, with the ratio of the 
two plateaux being 9/4. This ratio reflects the change in colour charge from the 
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X 6,0- 12.0x1 O'" 1,2-2.4x10'^ 2,4-10,0x10'^ 



Fig. 4. The corrected ln(l/a;p) distributions for the target and current regions for 
the 1995 data. Fitted two-piece normal distributions are shown to guide the eye. The 
heavy line corresponds to the target region, the light line to the current region. The 
error bars are the sum of the statistical and systematic errors in quadrature. 



dominant quark one, in the current region, to the dominant gluonic one in the 
target fragmentation region. 

The rapidity distributions for charged particles are shown in Fig. 5 [14]. 
A flat plateau is observed at low transverse momentum, pt. As pt increases, 
QCD effects gradually evolve the flat plateau into an approximate Gaussian, 
peaking near zero. This illustrates the nature of the Breit frame in separating 
the current and target fragmentation region. The expected step between the 
current and target region of the rapidity spectra is not observed. Also shown 
in Fig. 5 is a comparsion of the data with predictions from LO Monte Carlo 
models. In general the data are well described. ARIADNE [25] agrees well with 
the data but LEPTO [26] has problems in describing the high pt data, and the 
introduction of soft colour interactions [27] destroys the agreement with the data. 




Hadronic Final States 



175 




Fig. 5. The rapidity distribntions of charged tracks in intervals of transverse mo- 
mentum and in the Breit frame. The error bars are the sum of the statistical and 
systematic errors added in quadrature. The arrow indicates the position of the origin 
of the hadronic centre of mass system for the (Q) of the data. The histograms show 
the predictions of LO Monte Carlo models, the solid line is the ARIADNE [25] Monte 
Carlo and the dashed (dotted) line the LEPTO ME-I-PS [26] prediction with (without) 
soft colour interactions. 



5 Current-Target Correlations 

The correlation coefficient k: 

K = CT“Vt"^cov(nc,nt) co-v{nc,nt) = {ncUt) - {ric){nt), (2) 

is used to measure the dependence between charged particle production in the 
current region, Uc, and production in the target region, rit, where <Tc and Ut 
are the standard deviations of the multiplicity distributions in the current and 
target regions respectively. For positive correlations, n is positive whilst for anti- 
correlations it is negative. At low these correlations are sensitive to the BGF 
process which depends on the gluon density of the proton [28] . 

Figure 6 shows the behaviour of the correlation coefficient k as a function of 
the average values of and x. Anti-correlations are observed for all values of x 
and [29]. The magnitude of k decreases with increasing (Q^) from 0.35 to 0.1. 
According to the analytic results of [28] these observed anti-correlations can be 
due to the 0{as) effects (QCDC and BGF). The 0{as) kinematics in the Breit 
frame can reduce the particle multiplicity in the current region and increase 
it in the target region. The magnitude of the anti-correlations increases with 
decreasing (x) . According to [28] this can be due to an increase of the fraction of 
events with one or two jets produced in the target region. This behaviour is driven 
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• ZEUS 95 ARIADNE 4.8 LEPTO 6.5 HERWIG 5.9 

< X > : 0.0012 0.003 0.004 0.005 0.016 0.024 0.025 




< >, GeV ^ 



< > : 21 27 38 




< X > 



Fig. 6. (a) represents the evolution of the coefficient of correlations k with predom- 
inant variation in for corrected data and MC predictions; (b) shows the same 
quantity where predominantly x varies. The corrected values of (Q^) and (x) are indi- 
cated for each plot. The inner error bars on the data show the statistical uncertainties. 
The full error bars include the systematic uncertainties. 



by an increase of the BGF rate, due to an increase in the gluon density inside the 
proton. These observations are, qualitatively, consistent with the depopulation 
effects discussed in section 2.2. 

In addition. Fig. 6 shows a comparison of the data with various LO Monte 
Carlo models. The ARIADNE model agrees well with the data. The LEPTO and 
HERWIG [30] predictions show the same trend as the data but do not reproduce 
the magnitude of the correlations. 

6 Event Shapes 

The event shape dependence on Q can be due to the logarithmic change of the 
strong coupling constant as{Q) oc l/lnQ, and/or power corrections (hadroni- 
sation effects) which are expected to behave like 1/Q- Recent theoretical devel- 
opments suggest that 1/Q corrections are not necessarily related to hadronisa- 
tion, but may instead be a universal soft gluon phenomenon associated with the 
behaviour of the running coupling at small momentum scales [31]. These non- 
perturbative corrections are governed by a parameter do- The scale dependence 
of any event shape mean (F) can be written as the sum of two terms: one asso- 
ciated with the perturbative contribution, and the other related to the 






Hadronic Final States 



177 



power corrections, The perturbative contribution to an event shape can 

be calculated from NLO programs, such as DISENT [32] . 

At HERA a number of infrared-safe event-shape variables have been inves- 
tigated [33]. Their definitions are given below, where the sums extend over all 
hadrons h (being a calorimetric cluster in the detector or a parton in the QCD 
calculations) with four-momentum P/j} in the current hemisphere of 

the Breit frame. The current hemisphere axis n = {0, 0, —1} coincides with the 
virtual boson direction. 



• Thrust Tc 



Tc = 1 — Tc = max 



Y.h\Ph-^T\ 

J2h\Ph\ 



iiT = thrust axis , 



• Thrust Tz 



T.h\Ph\ E/jIp/iI 

• Jet Broadening Be 

„ ^ E^ |p/i X n] ^ E^ Ip-l^ I 

2Y.h\Ph\ ‘^Y.hlPhl 

• Scaled Jet Mass pe 

, = (E. PHf 

Q2 



n = hemisphere axis , 



n = hemisphere axis , 



• C Parameter 

C = 3 (AiA 2 -I- A2A3 -l- A3A1) 



with Xi being the eigenvalues of the momentum tensor 



Ojk — 



PihP’^h 

Ipfel 



E/i |p;»l 



Also investigated was the variable yjj (over the whole of phase space). This 
variable represents the transition value for (2-1-1) — >■ (1-1-1) jets of the factorizable 
JADE jet algorithm for a particular event. 

A common feature of all the mean event shape values, illustrated in Fig. 7, 
is the fact that they exhibit a decrease with rising Q. This is due to the fact 
that the energy flow becomes more collimated along the event shape axis as Q 
increases, a phenomenon also observed in e“'"e“ annihilation experiments. 

A simple ansatz for the power correction would be = F/Q. However 

the fits using F alone are poor and support the more detailed approach outlined 
in [31]. In this approach (E)p°’" is parameterised as follows: 
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Q/GeV Q/GeV 



Fig. 7. The points are the corrected mean values of C and B as a function of Q. 
The inner error bars on the data show the statistical uncertainties. The full error bars 
include the systematic uncertainties. The full line corresponds to a power correction fit 
according to the approach in [31]. The dashed line is the perturbative (NLO) prediction 
from DISENT using the value of as found from the full fit. 



do(M/) - as(Q) - ^ (in — + ^ + 1^ al{Q) 
[ 27t V /3o / 



( 3 ) 



where /3 q and K are constants dependent on the number of flavours, of is a cal- 
culable coefficient dependent on the observable F , is an ‘infra-red’ matching 
scale (/i/ = 2 GeV), « 1.14 is a 2-loop correction (known as the Milano 
factor) and do is an universal, non-perturbative effective strong coupling below 

fii. 

The results of the fit are shown in Fig. 6. The parameter do is observed to 
be « 0.5 for all event shapes (except for the jet rate parameter yfj, not shown), 
consistent with theoretical expectation. However there is a large spread in the 
values of as- The theoretically calculated parameter for the power corrections 
for Ufj was ayjj = 1. This is contrary to the observed need for small negative 
hadronisation corrections [33]. A reasonable fit for yfj was achieved by using a 
value of Qyfj = —0.25. The extended analysis of the mean event shapes in DIS 
is consistent with the application of power corrections according to [31] though 
there is still need for further understanding. 
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Fig. 8. Results of the fit to qq and andus i for the means of t,B,tc,P and C. The 
ellipses illnstrate the la and 2cr contonrs including both statistical and systematic 
uncertainties. 



7 Summary 

To understand the underlying QCD processes in DIS it is necessary to study 
the hadronic final state. At the current level of understanding, QCD works well 
and describes the HERA data. As the precision of the HERA data improves and 
further NLO QCD calculations become available the framework of QCD is being 
tested more thoroughly. 
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Abstract. We review the techniques to evaluate the l/Q'^ corrections to the Deep 
Inelastic structure functions. The importance of the power corrections is that they 
indicate the kinematical region beyond which the leading-twist calculations are no 
longer valid. 



1 Introduction 

This Workshop is to discuss the HERA physics, which is primarily the physics 
of the Deep Inelastic scattering at small x. We approach the DIS at small x from 
the pure perturbative side and represent a generic structure function F( as 

Fi{x,Q^) = Fl^\x,Q’^) + ^^hi{x) (1) 

where F['‘^ is the leading twist contribution. Note that the l/Q^ term is con- 
sidered to be a correction to the leading twist. However, if the power correction 
reaches, say, 10% at some “moderate” , it blows up fast at smaller Q^. Note 
also that we do not reserve for a possible In dependence of the power correc- 
tion but this is just for simplicity. 

One of the basic questions addressed by the theory of the DIS at small x 
is when one is to stop using the leading order perturbative calculation which 
might extend much further than one would expect naively (for a recent review 
and further references see [1]). There do exist estimates of the higher twist effects 
which show that the 1/Q^ corrections are pretty large at small x [3,4]: 

SF2{x^10-^Q^) ^ 1 GeV^ 

T2(x~ 10-3,Q2) ~ Q2 > 

where we picked up x ~ 10“^ for the sake of definiteness. The result has been 
found for any x [3,4]. 

If true, the estimate (2) is an important piece of information. There has been 
not much discussion yet of this estimate in the literature. Thus, we are going to 
provide an overview of the assumptions made to derive (2). Responding to the 
request of the organizers, we will try to make the presentation understandable 
to a broader audience. 
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2 General Remarks on the Power Corrections 



We consider QCD and processes determined by physics at short distances. Which 
means that there is a generic large mass scale, Q 3> ^^qcd where Aqcd is the 
position of the Landau pole in the coupling; 






1 

bolnQ^ / Aqqj) 



(3) 



In case of DIS, Q is the 4-momentum of the virtual photon. 

Moreover, we consider power corrections {AqqdIQ^)^ to the parton model. 
Note first of all that the power corrections appear to be a pure non-perturbative 
effect. Indeed, on one hand we have 



A^cd\^ 

Q ) 



exp{-k/2baas{Q'^)). 



(4) 



On the other hand, the function exp[—const/a) with a positive const is a clas- 
sical example from the math courses of a function which has a trivial Taylor 
expansion at a = 0: 

exp{—co7ist/a)\a=o = 0 -f 0 ■ a -f 0 • -f ... (5) 



since the function itself and all its derivatives vanish at a = 0. Thus, this func- 
tion, being a non-zero, vanishes identically as a perturbative expansion, which 
is the expansion at a = 0. 

It could be quite well that the power corrections, unlike pure perturbative 
contributions, are sensitive to the mechanism of confinement (for a recent re- 
view and further references see, e.g., [5,6]). However, here we would not go into 
this issue since the interest in the estimates like (2) is rather pragmatic than 
theoretical. 

The only point we would like to mention is that we are assuming the valid- 
ity of the standard picture for the non-perturbative effects. While calculating 
the perturbative expansions is a well defined procedure in QCD, at least as a 
matter of principle, the definition of the non-perturbative terms, at first sight is 
close to saying that these are unknown terms, the rest of the amplitudes upon 
subtraction of the perturbative contributions. In other words, working with the 
power corrections relies to a great extent on intuition and heuristic models. In 
particular, we would not like to use any concrete form of the non-perturbative 
fluctuations since very little is known about this. Nevertheless, there is one basic 
assumption underlying all further analysis. Namely, we will assume here that 
the non-perturbative fields are soft. In other words, the typical size of the non- 
perturbative fluctuations is of order Aq^j^. One could challenge this assumption 
as well [5] but so far there were no alternative models for the power corrections 
in DIS developed. 

Finally, let us mention that actually working with an infinite perturbative 
expansion would be awfully difficult in practice. Thus, in reality one is always 
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relying on a kind of a truncated series, keeping, say, only the leading perturba- 
tive plus power corrections. The assumption behind this truncation is that the 
power corrections are somehow enhanced numerically. There is no proof of this 
enhancement but it is an indispensable ingredient of any phenomenology based 
on the power corrections. Historically, this assumption was made first in case of 
the so called QCD sum rules and worked well. It might fail, however, in other 
cases. 

If there exist high-precision data one may try to check this assumptions 
varying the number of terms in the perturbative expansion kept explicit and 
determining the corresponding variation in the fitted values of the power correc- 
tions. So far, this procedure was implemented in the most careful way in case 
of the DIS at large x [7]. The analysis certainly indicates that the fitted value 
of hi diminishes quite dramatically with inclusion of higher terms in the per- 
turbative expansion. A similar conclusion is reached in a very detailed model 
study of power corrections to the thrust [8]. Although such conclusions might 
seem quite disturbing, we would like to treat them again rather pragmatically. 
Namely, we would understand the estimate (2) as a correction to the leading log 
approximation and leave open the question whether it would be absorbed into 
higher order perturbative corrections. 



3 Operator Product Expansion 

The basic theoretical tool which allows to exploit the idea that the non-perturbative 
fields are soft is the Operator Product expansion (OPE). In particular, it allows 
for a systematic treatment of the power corrections in DIS [9]. The most im- 
portant outcome of the analysis is that the power corrections to the structure 
functions start with Q~^ terms and we will outline briefly the derivation. 

The OPE corresponds to a particular way of preparing ordinary Feynman 
graphs [10]. The basic ingredient is to separate hard and soft lines. By hard lines 
we understand the lines which carry virtual momentum of order Q while soft lines 
carry momentum of order Aqcd- Then, the hard lines are treated according to 
the standard Feynman rules. Moreover, in a space-time picture of the interaction 
all the points along these lines are close to each other, Ax ~ \/Q and, in the 
first approximation can be reduced to a single point. Note that it is true only 
in the Euclidean space, while in the Minkowskian space there could be large 
cancellations between space- and time- components of the space-time interval. 
The relation of the results obtained within the OPE to the physical processes 
(measurable in the Minkowski space) is provided by dispersion relations. 

On the other hand, soft lines are not integrated out at all and their effect is 
absorbed into matrix elements of the corresponding operators. The logic behind 
this step is that the soft lines with p ~ Aqcd are modified drastically by confine- 
ment effects. Note that in the approximation that all the hard lines are reduced 
to a single point the soft lines originate and end up at the same point. Thus, 
instead of propagators of soft particles which are unknown functions of soft mo- 
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menta we have now only matrix elements of local operators, that is numbers, 
not functions. 

In this way, the route of the flow of the large momentum Q becomes crucial. 
For a given order of perturbation theory all the possibilities for this flow should 
be tried. Examples of the OPE approach to some Feynman graphs in the case 
of DIS is given in Fig. 1. 






Fig. 1. Examples of applying the OPE to Feynman graphs. One follows the route of 
the large momentum Q flow. All the points along these, hard lines are reduced to a 
single point indicates by a black blob. The large momentum Q is brought in and taken 
away by the virtual photons, denoted by wavy lines. The dashed line denotes gluon 
and solid lines are quarks. 



Applying furthermore the standard dispersion relations for the forward scat- 
tering of the virtual photon off the nucleon one arrives to the well-known pre- 
dictions for the moments: 

M„(Q2) = I Fi[x,Q^)x^dx = MniQl) ( 6 ) 

where 7iv are calculable and reflect the effect of the hard lines while M„{Qq) are 
to be borrowed once from experiment for some Qq, as a reflection of our inability 
to evaluate the effect of the soft quark lines. Moreover, for each moment we have 
a new matrix operator and the corresponding matrix element. 

Note that radiative corrections are dominated by virtual momenta k ^ Q, as 
indicated in Fig. 1. However, there is also a possibility that the gluon momentum 
k is small, k^ . Then the effect of the gluon exchange is to be included into 

new matrix elements, as indicated in Fig. 2 

Restricting momenta of virtual gluons to the infrared region costs suppres- 
sion of the corresponding contributions by powers of , due to phase space 
(and gauge invariance). Applying the OPE allows to immediately find out this 
power. Indeed, the leading twist (see Fig. 1) is related to the matrix elements 
of operators bilinear in the quark fields, which can generically be represented as 
qF q where F is some matrix in the spinor and color spaces. If a gluon line is 
added, see Fig. 2, then the corresponding operator becomes qF F q where F is 
the gluon field strength tensor (and we suppress all Lorentz and color indices). 
The dimension of this extra factor, F, la d = 2 and it is to be compensated by 
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Fig. 2. Emergence of higher twists. If the virtual gluon is soft, k ~ Aqcd its effect 
cannot be evaluated but is rather to be included into matrix elements of operators 
containing an extra power of the gluon field strength tensor. 



the corresponding factor Q 

SMn ~ (7) 

To summarize, the OPE allows to parameterize in a systematic way the in- 
frared sensitive contributions to the ordinary Feynman graphs. In particular, in 
case of the DIS one readily concludes that the leading power corrections are of 
order Q~^ . These corrections are associated with matrix elements of operators bi- 
linear in quark fields and linear in the gluon field. Borrowing the matrix elements 
from experiment amounts to introducing new structure functions. Without this 
input, the use of the OPE does not allow for any concrete numerical predictions 
for the power corrections. 

4 Renormalons or Infrared Sensitive Gluon Mass 

Renormalons (for review see, e.g., [11]) represent a particular model for the 
power corrections which avoids the introduction of a new structure function. 
Qualitatively, the basic idea can be explained as follows. The general formulation 
of the OPE outlined above relates the Q~^ correction to an admixture of gluons 
in the nucleon wave function. One could argue, however, that the nucleon wave 
function is build on the valence quarks alone and all the gluon effects can be 
understood in terms of the gluon bremsstrahlung from the valence quarks. 

In fact this idea, to reduce the gluon structure functions to the quark struc- 
ture functions has been tried first in the leading twist case [12]. Namely, one 
assumes that at some Qq ~ ffgc'p there are only quark distributions, with no 
gluons. Gluons evolve at larger , as a result of bremsstrahlung. The model is 
not without a success although one cannot go too far because of the matching 
point at low Qq. 

Now, we need technical means to realize the idea that the soft gluons re- 
sponsible for the power-like corrections (see Fig. 2 and discussion of it) are 
produced exclusively through bremsstrahlung. Introduce a non-vanishing gluon 
mass squared and try first to expand in A^, see Fig. 3. The expansion amounts 
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Fig. 3. Introduction of a (fictitious) gluon mass 0 into the radiative corrections 

to the parton model. One evaluates contribution proportional to A^ In A^ . 

to replacing the gluon propagator by — )■ Upon this replace- 

ment the integral over the momentum of the gluon k becomes logarithmically 
divergent in the infrared and as a result we come to terms of order A^lnA^. 
Indeed, 



( 8 ) 

where the lower bound of the integration ~ A is introduced because at such k 
the expansion in A^ is no longer valid. 

This estimate illustrates a general point that terms non-analytical in A^, like 
A2 lnA2 can develop only through contributions of soft gluons with momenta 
k ~ X. Thus, non-analyticity in A^ can be used to mark the infrared sensitive 
part of the Feynman integrals [13]. To make connection with QCD one replaces 

A^lnA^ A'qcd! (9) 



with the overall coefficients in this relation left as a fitting parameter. Indeed, for 
the sake of parameterization of the contribution of momenta k ~ Aqcd we can 
simply adjust A ~ Aqcd- In the particular case of the DIS, detailed calculations 
along these lines can be found in [14]. 

Note that so far we have not mentioned renormalons. Actually, this is another 
way, consistent with the gauge invariance, to isolate contributions of soft gluons. 
Namely, one inserts fermionic bubbles into the gluon line, see Fig. 4. It can 
be readily seen that if the number of fermionic bubbles is large, the virtual 
momentum of the gluon, kgf j dominating the Feynman integrals is small. Indeed, 
each bubble is proportional to bo ln(k^/Q^) where bo is the fermionic contribution 
to the first coefficient in the /3-function and the log factor vanishes at the gluon 
momentum k = Q because of normalizing the running coupling at k — Q. 
Moreover, assume that the number of the fermionic bubbles, ?i is large, n 3> 1. 
Then the integral over the gluon line takes the form 



/ ^(^0 In(fcVQ^))" 



6 ^! 






( 10 ) 
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Fig. 4. Renormalon chain inserted into a gluon line. The number of the fermionic 
bubbles is assumed to be large large, u ^ 1. 

and is large at large n. What is even more important, it is dominated by low 
momenta 

{k^)eff ~ Q'^-exp{-n). 

The type of graphs represented in Fig. 4 is called renormalon chain. The moti- 
vation to use the renormalon chain is exactly the same as to isolate the terms of 
order In A^, see above. Namely, the renormalon chain enhances greatly infrared 
sensitive contributions to the Feynman graphs and allows for their parameter- 
ization. Using the renormalons one comes to the same results for the power 
corrections as by using the infinitesimal gluon mass, see above. 

To summarize, renormalons allow to parameterize contribution of soft gluons 
to the radiative corrections in DIS. The method is equivalent to introducing an 
infinitesimal gluon mass A and following the terms non-analytical in A^. The 
model has much greater predictive power than the general OPE since no inde- 
pendent quark-gluon structure function is introduced (see Fig. 2). Instead, the 
power correction to a structure function is proportional to the structure function 
itself (see Figs. 3,4). 

5 Reservations, Successes, Predictions 

The great simplification brought by the renormalon model comes not without a 
price tag. The basic new assumption is that external quark lines are considered 
hard with respect to the gluon lines even if both are in fact soft. We called this 
assumption a valence quark approximation, and it might be valid only for rough 
estimates. 

There are some further caveats as well. In particular, the effect of, say, two 
soft gluon emission is not suppressed compared to a single soft gluon considered 
so far. Indeed, the emission of soft gluons is governed by as(yl^) which is not 
small. Moreover, in case of some observables one can prove that the multiple 
gluon emission is important numerically [15]. 

Thus, the renormalon approach is of openly heuristic and approximate nature 
and can be justified only by its success, if any, in the description of the data. 
On the other hand renormalons do fit nicely the x dependence of the power 
corrections at large x, see, e.g., [2,16]. This is especially true if one truncates 
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both the perturbative expansion and expansion in powers of Q~^ to their first 
respective terms. 

This agreement of the theory and data allows to fix the unknown overall 
coefficient in front of the power corrections and extend the calculation to the 
region of small x as well. Since small x are dominated by the singlet structure 
functions one has to include the effect of the infinitesimal gluon mass in graphs 
of the type represented in Fig. 5 [3,4]. The prediction for the x dependence of 




Fig. 5. Power corrections to the singlet structure functions. The black blob indicates 
insertion of the infinitesimal gluon mass. 



the power corrections appears to be highly non-trivial. The correction practically 
dies away at moderate x but blows up again, with a negative sign at small x 
[3,4]. I would expect that there should be a simple kinematical reason for such 
a behaviour but I am not in the position to identify it at the moment. 

Thus, we come back to the estimate (2) and may conclude that despite many 
potential uncertainties the estimate looks quite conservative and might well be 
realistic. 
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and Parton Hadron Duality 
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D-80805 Miinchen, Germany 

Abstract. We discuss observables in multiparticle production for three kinds of limits 
of decreasing kinematical scales: 1. the transition jet — >■ hadron (limit ycut ^ 0 of 
the resolution parameter ycut)’, 2. single particle inclusive distributions normalized at 
threshold -k/s — > 0 and 3. particle densities in the limit of low momentum p,pr ^ 0. 
The observables show a smooth behaviour in these limits and follow the perturbative 
QCD predictions, originally designed for large scales, whereby a simple prescription is 
supplemented to take into account mass effects. A corresponding physical picture is 
described. 



1 Introduction 

A successful description of multiparticle production based on perturbative QCD 
has been established for ’’hard” processes which are initiated by an interaction 
of elementary quanta (quarks, leptons, gauge bosons, ...) at large momentum 
transfers whereby the characteristic scale in QCD is A ~ few 100 

MeV. In this kinematic regime the running coupling constant as(Q'^) is small 
and the lowest order terms of the perturbative expansion provide the desired 
accuracy. The coloured quarks and gluons which emerge from the primary hard 
process cannot escape towards large distances because of the confinement of the 
colour fields. Rather, they “fragment” into particle jets which may consist of 
many stable and unstable hadrons. 

Here we are interested in the emergence of the hadronic final states and jet 
structure. The partons participating in the hard process generate parton cascades 
through gluon Bremsstrahlung and quark antiquark pair production processes 
which can be treated again perturbatively, at least approximately. The singular 
behaviour of the gluon Bremsstrahlung in the angle 0 and momentum k 

dn, /i/j\l . 

— — , kr>Qo^ ( 1 ) 

(in lowest order and for small angles) leads to the collimation of the partons and 
the jet structure. The transverse momentum kj- is taken as characteristic scale 
for the coupling ~ 1/ ln(&T/A), so it will rise with decreasing scale during jet 
evolution and one expects the perturbation theory to loose its valididity below 
a limiting scale Qq. 

The transition to the hadronic final state, finally, proceeds at small momen- 
tum transfers kj ~ Qq by non-perturbative processes. There have been different 
approaches to obtain predictions on the hadronic final states: 
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1. “Microscopic” Monte Carlo models 

In a first step a parton final state is generated pertiirbatively corresponding to 
a cut-off scale like the above Qo- Then, according to a non-perturbative model 
intermediate hadronic systems (clusters, strings, . . . ) are formed which decay, 
partly through intermediate resonances, into the final hadrons of any flavour 
composition. Depending on the considered complexity a larger number of ad- 
justable parameters are allowed for in addition to the QCD scale and cut-off pa- 
rameters. Because of the complexity of these models only Monte Carlo methods 
are available for their analysis. They are able to reproduce many very detailed 
properties of the final state successfully. 

2. Parton Hadron Duality approaches 

One compares the perturbative QCD result for particular observables directly 
with the corresponding result for hadrons. The idea is that the effects of hadroniza- 
tion are averaged out for sufficiently inclusive observables. In this case analytical 
results are aimed for which are closer to a direct physical interpretation than 
the MC results (for reviews, see [1,2]). This general idea comes in various real- 
izations, we emphasize three kinds of observables: 

Jet cross sections: Jets are defined with respect to a certain resolution criterion 
(parameter Pcut), then the cross sections for hadron and parton jets are com- 
pared directly at the same resolution. This phenomenological ansatz has turned 
out to be extremely successful in the physics of energetic jets. A priori, it is non- 
trivial that an energetic hadron jet with dozens of hadrons should be compared 
directly to a parton jet with only very few (1-3) partons. 

Infrared and collinear safe observables: The value of such an observable is not 
changed if a soft particle with — > 0 or a collinear particle (0 — t 0) is added 

to the final state. It is then expected that the observables are less sensitive to 
the kinematic region kr ~ Qo in (1). Especially, event shape observables like 
’’Thrust” or energy flow patterns belong into this category. Perturbative cal- 
culations with all order resummations have been generally successful. In recent 
years perturbative calculations to 0{a"j) in combination with power corrections 
~ l/Q'^ have found considerable interest. 

Infrared sensitive observables: Global particle multiplicities as well as inclusive 
particle distributions and correlations belong into this category; these observ- 
ables are divergent for Qo — t 0 and therefore are particularly sensitive to the 
transition region from partons to hadrons. Qo plays the role of a nonperturbative 
hadronization parameter. 

In this report we will be concerned with the last class of observables to 
learn about the soft phenomena and ultimately about the colour confinement 
mechanisms. Specific questions concerning the role of perturbative QCD are 

• What is the limiting value of Qo for which perturbative QCD can be applied 
successfully. Especially, can Qo be of the order of A ~ few 100 MeV? 

• Is there any evidence for the strong rise of the coupling constant towards 
small scales below 1 GeV? 

• Is there evidence for characteristic QCD coherence effects at small scales 
which are expected for soft gluons, evidence for the colour factors Ca,Cf‘^ 
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2 Theoretical approach 

2.1 Partons 



The evolution of a parton jet is described in terms of a multiparticle generating 
functional Za{P,0] {«(^)}) with momentum test functions u{k) for a primary 
parton A [A — q,g) of momentum P and jet opening angle 0. This functional 
fulfils a differential-integral equation [1] 



d 

d ln0 



Za{P,0) = \ Y. f 

B,C 



dz 



s(fcT) 



( 2 ) 



27T 






BC, 



z)[ZBizP,0)Zc{{l-z)P,0) - Za(P,0)] 



and has to be solved with the constraint kr > Qo and with the initial condition 



ZA{P0;{u})\pe=Qo = UA(k = P). (3) 

which means that at threshold P0 = Qq there is only one particle in the jet. 
From the functional Za one can obtain the inclusive n-parton momentum dis- 
tributions by functional differentiation with the functions u(ki), i = 
at u = 1 and then one finds the corresponding evolution equations as in (2). 
This “Master Equation” includes the following features: the splitting functions 
{z) of partons A —>■ BC\ evolution in angle 0 yielding a sequential angular 
ordering which limits the phase space of soft emission as a consequence of colour 
coherence; the running coupling as{kT)- For large momentum fractions z the 
equation approaches the usual DGLAP evolution equations. 

The solution of the evolution equations can be found by iteration and then 
generates an all order perturbation series; it is complete in leading order (“Dou- 
ble Logarithmic Approximation - DLA) and in the next to leading order (“Mod- 
ified Leading Log Approximation” - MLLA), i.e. in the terms a”log^"( 2 /) and 
a" log^”~^(i/). The logarithmic terms of lower order are not complete, but it 
makes sense to include them as well as they are important for taking into acount 
energy conservation and the correct behaviour near threshold (3). The complete 
partonic final state of a reaction may be constructed by matching with an exact 
matrix element result for the primary hard process. 



2.2 Hadrons 

We investigate here the possibility that the parton cascade resembles the hadronic 
final state for sufficiently inclusive quantities. One motivation is “preconfine- 
ment” [3], the preparation of colour neutral clusters of limited mass within the 
perturbative cascade. If the cascade is evolved towards a low scale Qo ~ A, a 
successful description of inclusive single particle distributions has been obtained 
(“Local Parton Hadron Duality”-LPHD [4]). More generally, one could test re- 
lations between parton and hadron observables of the type 



0(xi,X2 ) ■ • •) \ hadrons — ^ ^(^1 5 ^2) •••7 ^0; Iparfons 



(4) 
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where the nonperturbative cut-off Qo and an arbitrary factor K are to be de- 
termined by experiment (for a review, see [2]). In comparing differential parton 
and hadron distributions there can be a mismatch near the soft limit because of 
mass effects, especially, the (massless) partons are restricted by kx > Qo in (2) 
but hadrons are not. This mismatch can be avoided by an appropriate choice of 
energy and momentum variables. In a simple model [5,6] one compares partons 
and hadrons at the same energy (or transverse mass) using an effective mass Qo 
for the hadrons, i.e. 

^T, parton ™ , parton ^ , hadron — ^ , hadron Qo^ (^) 

then, the corresponding lower limits are kx, parton Qo and kx, hadron 0- 

3 From Jets to Hadrons, the Limit ycut 0 

We turn now to the discussion of several observables and their behaviour in the 
limit of a small scale. First, we consider the transition from jets to hadrons by 
decreasing the resolution scale of jets. Jet physics is a standard testing ground 
for perturbative QCD, the transition to hadrons therefore corresponds to the 
transition from the known to the unknown territory. 

The jets are defined in the multiparticle final state by a cluster-algorithm. 
Popular is the “Durham algorithm” [8] which allows the all order summation 
in the perturbative analysis. For a given resolution parameter ycut = {Qcut /QY 
in a final state with total energy Q particles are successively combined into 
clusters until all relative transverse momenta are above the resolution parameter 
yij = kx/Q'^ > ycut-^ We study now the mean jet multiplicity Nj^t in the event 
as function of ycut- In e+e“-annihilation for ycut — t 1 all particles are combined 
into two jets and therefore Njet = 2, on the other hand, for ycut — t 0 all hadrons 
are resolved and Nj^t — t Nkad- 

Resnlts on jet multiplicities are shown in Fig. 1. The jet multiplicity rises 
only slowly with decreasing ycut- For ycut ^ 0.01 the data are well described 
by the complete matrix element calculations to 0(o;J) (first results of this kind 
in [9]) and allow the precise determination of the coupling or, equivalently, of 
the QCD scale parameter [10,11]. In the region above ycut > 10“^ the 

resummation of the higher orders in ag becomes important [12] and the MLLA 
calculation describes the data well. The lower curve shown in Fig. 1 is obtained 
[7] from a full (numerical) solution of the evolution equations corresponding to 
(2), matched with the 0{as) matrix element, and describes the data obtained 
at LEP-1 [10,11] down to 10"^. 

The theoretical curve diverges for small cut-off Qcut ^ T as in this case the 
coupling as{kx) diverges. In the duality picture discussed above the parton final 
state corresponds to a hadron final state at the resolution kx ~ Qo according to 
(4) and this limit is reached for Qcut Qo- The calculation meets the hadron 

^ more precisely, the distance is defined by y,j = 2(1 — cos ©ij ) mm{Ef Ej)/Q'^ > ycut- 
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Fig. 1 . Data on the average jet multiplicity A/" at Q = 9] GeV for different resolution 
parameters yc (lower set) and the average hadron multiplicity (assuming M — ^Afch) 
at different cms energies between Q = 3 and Q = 91 GeV using Qc = Qo = 0.508 
GeV in the parameter yc (upper set). The curves follow from the evolution equation 
(2) with A — 0.5 GeV; the upper curve for hadrons is based on the duality picture (4) 
with K = 1 and parameter Qo (Fig- from [7]) 





Fig. 2. Jet multiplicities extending towards lower ycut parameters; full lines as in Fig. 1 
for jets, dashed lines the same predictions but shifted ycut — > ycut —Qo/Q^ according to 
the different kinematical boundaries as in (5), with parameters as in Fig. 1 (preliminary 
data from OPAL [13]) 



multiplicity data for the cut-off parameter Qo — 0.5 GeV. If this calculation is 
done for lower cms energies, agreement with all hadron multiplicity data down 
to Q = 3 GeV is obtained with the same parameter Qq as seen in Fig. 1 by the 
upper set of data and the theoretical curve. Moreover, the normalization constant 
in (4) can be chosen as K = 1 whereas in previous approximate calculations 
K Fn 2 (see, e.g. [5]). This result implies that the hadrons, in the duality picture, 
correspond to very narrow jets with resolution Qo ~ 0.5 GeV. 
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In this unified description of hadron and jet multiplicities the running of the 
coupling plays a crucial role. Namely, for constant both curves for hadrons 
and jets in Fig. 1 would coincide, as only one scale QcutjQ were available. With 
running asikxIA) the absolute scale of Q cut matters: varies most strongly 

for Qcut — f A for jets at small ijcut in the transition to hadrons and for hadrons 
near the threshold of the process at large ycut where Oj > 1. It appears that the 
final stage of hadronization in the jet evolution can be well represented by the 
parton cascade with the strongly rising coupling. 

Preliminary results on jet multiplicities at very small t/cut have been obtained 
recently by OPAL [13] and examples are shown in Fig. 2. Whereas in the the- 
oretical calculation all hadrons (partons in the duality picture) are resolved for 
Qcut Qo, for the experimental quantities this limit occurs for Qcut 0. 

This is an example of the kinematical mismatch between experimental and 
theoretical quantities discussed above and can be taken into account [7] by a 
shift in peut according to (5). The shifted (dashed) curves in Fig. 2 describe the 
data rather well (also at intermediate ems energies) whereby the Qq parameter 
has been taken from the fit to the hadron multiplicity before; the predictions 
fall a bit below the data at lower energies like 35 GeV. The nonperturbative Qq 
correction becomes negligible for Qc^ 1-5 GeV. 

We conclude that in case of this simple global observable the perturbative 
QCD calculation provides a good description of hard and soft phenomena in 
terms of one non-perturbative parameter Qo ~ A (from fit [7] Qq k, 1.015A). 
Multiplicity moments are described very well in this approach also [16]. 

4 Shape of Energy Spectrum, the Limit -y/s 0 

A standard procedure in perturbative QCD is the derivation of the Q^ evolution 
of the inclusive distributions - either of the structure functions in DIS (Q" < 0) or 
of the hadron momentum distributions ( “fragmentation functions” , = .s > 0). 

One starts from an input function at an initial scale Qj and predicts the change 
of shape with Q^ . 

In the LPHD picture one derives the parton distribution from the evolution 
equation (2) with initial condition (3) at threshold, here the spectrum is simply 

D{x,Qq)=5{x-1). ( 6 ) 

If we start from this initial condition the further QCD evolution predicts the 
absolute shape of the particle energy distribution at any higher erns energy yQ. 
Within certain high energy approximations one can let Qq — >■ A and obtains 
an explicit analytical expression for the spectrum in the variable ^ = ln(l/*), 
the so-called “limiting spectrum” [4] which has been found to agree well with 
the data in the sense of (4) - disregarding the very soft region p < Qo (see, 
e.g. the review [2]). In the more general case Qq ^ A the cumulant moments k, 
of the ^ distribution have been calculated as well [14,15]; they are defined by 
=< <e >= e, K2 = cr2 =< (^-,f)2 >, K 3 =< (^-^^ >, K 4 =< (^-^^ > -3^7^, 
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. . . ; also one introduces the reduced cumulants kq = Kq/cr'^ , in particular the 
skewness s = ks and the kurtosis k — k^. 

In the comparison with data some attention has to be paid again to the soft 
region. The experimental data are usually presented in terms of the momentum 
fraction Xp — ‘I'pj-Js, then 1 oo for p — >■ 0. On the other hand, the theoret- 
ical distribution, because of p > px > Qo, is limited to the interval 0 < ^ < T, 
y = ln(yi/2(5o). Therefore, in this region near and beyond the boundary the 
two distributions cannot agree. A consistent description can be obtained if theo- 
retical and experimental distributions are compared at the same energy as in (5), 
then both ^ spectra have the same upper limit Y . With a corresponding “trans- 
formation” of the spectra are well described by the appropriate theoretical 

formula near the boundary [5]. 

The cumulant moments of the energy spectrum of hadrons determined in 
this way have been compared [5] with the theoretical calculation based on the 
MLLA evolution equation [15]. As seen in Fig. 3 the data agree well with the 
limiting spectrum result (Qo = A), both in their energy dependence and their 
absolute normalization at threshold (the moments vanish because of (6)). This 
suggests that perturbative calculations are realistic even down to threshold if a 
treatment of kinematic mass effects is supplemented. 

Recently, results on cumulant moments have been presented by the ZEUS 
group at HERA (see talk by N. Brook [17]). The moments have been determined 
directly from the momentum distribution of particles in the Breit frame. The ^p 
distributions are seen to extend beyond the theoretical limit Y. The cumulant 
moments of order q >2 determined from this distribution show large deviations 
from the MLLA predictions at low energies . The kinematic effects become 
less important at higher energies and at > 1000 GeV^ the agreement with the 
predictions using Qo = A is restored. These results demonstrate the importance 
of the soft region in the analysis of the ^-moments. 



5 Particle Spectra: the limit of small momenta p, pr — >■ 0 

In this limit simple expectations follow from the coherence of the soft gluon 
emission. If a soft gluon is emitted from a qq two jet system then it cannot 
resolve with its large wave length all individual partons but only “sees” the total 
charge of the primary partons qq. Consequently, in the analytical treatment, the 
soft gluon radiation is determined by the Born term of 0{as) and one expects 
a nearly energy independent soft particle spectrum [4]. The consequences and 
further predictions have been studied recently in more detail. 



5.1 Energy Independence 



The limit of small momenta p and pr has been considered in [6]. The behaviour 
of the inclusive spectrum in rapidity and for small px is given by 



dn 

dydp^ 



Ca,f 



«^(pt) 

Pt 



1 + 0 



' ln(px/A) ln(px/(a;A)) 

, ln(Oo/A) ln(px/A) 



(7) 
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0 1 2 3 4 5 6 

Y = log(v/s/2Qo) 



Fig. 3. The first four cumulant moments of charged particles’ energy spectra i.e., the 
average value ^e, the dispersion cr^, the skewness s and the kurtosis k, are shown as a 
function of cms energy a/s for Qo = 270 MeV and ri; = 3, in comparison with MLLA 
predictions of the “limiting spectrum” (i.e. Qo = d) for running ots (full line) and for 
fixed as (dashed line) (from [5]) 



where the second term is known within MLLA and vanishes for px —1 Qo- Again, 
the limit px — f Qo at the parton level corresponds to px — > 0 at the hadron 
level. Only the first term (the Born term) is energy independent. The approach 
to energy independence for the soft particles at p —1 0 is seen from e"*"e“ data 
[5,6] and also from DIS [18], see Fig. 4. Although the detailed behaviour depends 
a bit on the specific implementation of the kinematic relations between partons 
and hadrons the approach towards energy independence in the limit p — > 0 is 
universal and this expectation is nicely supported by the data. 



5.2 Colour Factors Ca and Cp 

A crucial test of this interpretation is the dependence of the soft particle density 
on the colour of the primary partons in (7); The particle density in gluon and 
quark jets should approach the ratio R{g/q) = CaICf — 9/4 in the soft limit. 
This factor has been originally considered for the overall event multiplicity in 
colour triplet and octet systems but is approached there only at asymptotically 
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y? GeV 

Fig. 4. Particle density at fixed momentum p as function of cms energy, from [6] 



high energies [19]. On the other hand, the prediction (7) for the soft particles 
applies already at finite energies [6]. 

In practice, it is difficult to obtain gg jet systems for this test. An interesting 
possibility is the study of 3-jet events in e+e“ annihilation with the gluon jet 
recoiling against a qq jet pair with relative opening angle of ~ 90° [20]. For 
such “inclusive gluon jets” the densities of soft particles in comparison to quark 
jets approach a ratio R{g/q) ~ 1.8 for p < 1 GeV which is above the overall 
multiplicity ratio ~ 1.5 in the quark and gluon jets but still below the ratio 
Ca/Cf — 9/4 (see Fig. 5). This difference may be attributed to the deviation of 
the events from exact collinearity. If the analysis is performed as function of pp 
of the particles the ratio becomes consistent with 9/4 but not for small px < 1 
GeV [20]. This behaviour indicates the transition from the very soft emission 
which is coherent from all primary partons to the semisoft emission from the 
parton closest in angle (q or g) which yields directly the ratio C'aICf- 

In order to test the role of the colour of the primary partons further in 
realistic processes it has been proposed [6] to study the soft particle emission 
perpendicular to the primary partons in 3-jet events in e'*'e“ annihilation or in 2- 
jet production either in pp or in ep collisions, in particular in photoproduction. 
In these cases, for special limiting configurations of the primary partons, the 
particle density is either proportional to Cf or to Ca, but it is also known for 
all intermediate configurations. A first result of this kind of analysis has been 
presented by DELPHI [21] which shows the variation of the density by about 
50% in good agreement with the prediction. The findings by OPAL [20] (Fig. 5) 
and DELPHI [21] are hints that also the soft particles indeed reflect the colour 
charges of the primary partons. 

Important tests are possible at HERA with two-jet production from direct 
and resolved photons. The former process corresponds to quark exchange, the 
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Fig. 5. Ratio of particle densities at small momenta p in inclusive gluon jets and quark 
jets [20] 



latter to gluon exchange. The associated soft perpendicular radiation again re- 
flects the different flow of the primary colour charges; At small scattering angles 
03 — > 0 in the di-jet cms the ratio R±^ of the soft particles approaches the limits 

direct 7 p production (q exchange) ; Rx — > 1 (8) 

indirect 7 p production (g exchange) : Rx — >• C'a/Cf- (9) 

In a feasibility study [22] using the event generator HERWIG these ratios 
have been studied as a function of the particle pr and the angle 0j. With 
an assumed luminosity of 4.5 pb~^ significant results can be obtained. In the 
MC the predicted ratios are approached for small pT < 0.5 GeV but deviate 
considerably for larger pr- A study towards small angles 0j appears feasible. It 
would be clearly interesting to carry out such an analysis. 



5.3 Rapidity Plateaux 

Another consequence of the lowest order approximation (7) is the flat distribu- 
tion in rapidity y at fixed (small) py. An interesting possibility appears in DIS 
where the soft gluon in the current hemisphere is emitted from the quark, in the 
target hemisphere from a gluon. This would lead one to expect a step in rapidity 
by factor ~2 between both hemispheres at high energies [6,23]. 

This problem has been studied recently by the HI group [24]. They observed 
a considerable change of the rapidity spectrum with the px cut; for large px > 1 
GeV the spectrum was peaked near p = 0 in the Breit frame - as expected 
from maximal perturbative gluon radiation - whereas for small px < 0.3 GeV 
a plateau develops in the target hemisphere. On the other hand, no plateau is 
observed in the current direction at all. A MC study of the e+e“ hadronic final 
state did not reveal a clear sign of a flat plateau at small px either. 

The reason for the failure seeing the flat plateau is apparently the angular 
recoil of the primary parton which is neglected in the result (7); this introduces 
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an uncertainty in the definition of px, especially for the higher momenta. We 
have investigated this hypothesis further by studying the rapidity distribution 
in selected MC events where all particles are limited in transverse momentum 
Pt < ■ Then the events are more collimated and the jet axis is better 

defined. The MC results in Table 1 show that the rapidity density gets flatter 
if the transverse size of the jet decreases with the p™ cut which is in support 
of the above hypothesis. This selection, however, considerably reduces the event 
sample. A step in the rapidity height of DIS events should therefore be expected 
only in events with strong collimation of particles. 



Table 1. Density of particles with px < 0.15 GeV in rapidity y, normalized at y = — 1, 
in events with px < Px°'^ selection. Results obtained from the ARIADNE MC [26] 
(parameters A = 0.2 GeV, ln(Qo/A) = 0.015 as in [25]) 



max 

Pt 


y = 0 


II 

1 


11 

1 

to 


y = -3 


1 

II 


fraction of events 


no cut 


1.03 


1.0 


0.69 


0.34 


0.052 


100 % 


0.5 


0.9 


1.0 


0.78 


0.50 


0.13 


9 % 


0.3 


0.9 


1.0 


0.90 


0.84 


0.37 


0.7 % 



5.4 Multiplicity Distributions of Soft Particles and Poissonian Limit 

The considerations on the inclusive single particle distributions can be gener- 
alized to multiparticle distributions [25]. Interesting predictions apply for the 
multiplicity distributions of particles which are restricted in either the trans- 
verse momentum pt < or in total momentum p < 

In close similarity to QED the soft particles are independently emitted in 
rapidity for limited px : because of the soft gluon coherence the secondary emis- 
sions at small angles are suppressed. This is less so for the spherical cut. For 
small values of the cut parameters one finds the following limiting behaviour of 
the normalized factorial multiplicity moments 

cylinder: g(g~ ^ ( 10 ) 

sphere: F^'^\X,Y) ~ const (11) 

where we used the logarithmic variables X± — ln(py“*/(5o), A = ln(p'^“*/Qo) 
and y = hi{P/Qo) at jet energy P. Both cuts act quite differently and for small 
cylindrical cut p^^ the multiplicity distribution approaches a Poisson distribu- 
tion (all moments -A 1). 

This prediction is verified by the ARIADNE MC at the parton level. Interest- 
ingly, the predictions from the full hadronic final state after string hadronization 
yield factorial moments rising at small p™* < 1 GeV. These predictions provide 
a novel test of .soft gluon coherence in multiparticle production. 
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6 Conclusions and Physical Picture 

The simple idea to derive hadronic multiparticle phenomena directly from the 
partonic final state works surprisingly well also for the soft phenomena discussed 
here which do not belong to the standard repertoire of perturbative QCD. Nev- 
ertheless, some clear QCD effects can be noticed in the soft phenomena and the 
three questions at the end of the introduction can be answered positively. A 
description with small cut-off Qq ^ Ais possible for various inclusive quantities. 
The coupling is running by more than an order of magnitude at small scales as is 
seen, in particular, in the transition from jets to hadrons. Also, coherence effects 
from soft gluons are reflected in the behaviour of soft particles. These effects for 
the soft particles need further comparison with quantitative predictions. Espe- 
cially worthwhile are the tests on soft particle flows as function of the primary 
emitter configuration. Predictions exist also for nontrivial limits of rnultiparticle 
soft correlations. 

The different threshold behaviour of partons and hadrons can be taken into 
account by appropriate relations between the respective kinematical variables. 
Some apparent discrepancies between MLLA predictions and observations can 
be related to such mass effects. 

Finally, we remark on the physical picture which is supported by these re- 
sults (Fig. 6). The partons in the perturbative cascade are accompagnied by 
ultrasoft partons with py < Qo ~ A as in very narrow jets; they cannot be 
further resolved because of confinement and therefore the perturbative partons 
resolved with pr > Qo correspond to single final hadrons. This is consistent 
with the finding of normalization unity [K 1 in (4)) in the transition jet 
hadron {ycut — > 0). Colour at each perturbative vertex can be neutralized by 
the (non-perturbative) emission of one (or several) soft quark pairs; in this way 
the partons in the perturbative cascade evolve as colour neutral systems outside 
a volume with confinement radius R ~ Qq In the timelike cascade there is 
only parton splitting, no parton recombination into massive colour singlets as 
in the preconfinement model. Such a picture can only serve as a rough guide, it 
can certainly not be complete as is exemplified by the existence of resonances. 
Nevertheless, its intrinsic simplicity with only one non-perturbative parameter 
Qo besides the QCD scale A makes it attractive as a guide into a further more 
detailed analysis. 




partons 




hadrons 



Fig. 6. Dual picture of parton and hadron cascades. Ultrasoft partons are confined to 
narrow tubes with pr < Qo ~ A around the partons in the perturbative cascade. 
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Theory and Phenomenology of Instantons 
at HERA 



Andreas Ringwald and Fridger Schrempp 

Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Gerniariy 



Abstract. We review our on-going theoretical and phenomenological investigation of 
the prospects to discover QCD-instantons in deep-inelastic scattering at HERA. 

1 Introduction 

R is a remarkable fact that non- Abelian gauge fields in four Euclidean space-time 
dimensions carry an integer topological charge. Instantons [1] (anti-instantons) 
are classical solutions of the Euclidean Yang-Mills equations and also represent 
the simplest non-perturbative fluctuations of gauge fields with topological charge 
-|-1 (—1). In QCD, instantons are widely believed to play an essential role at long 
distance; They provide a solution of the axial 1/(1) problem [2], and there seems 
to be some evidence that they induce chiral symmetry breaking and affect the 
light hadron spectrum [3]. Nevertheless, a direct experimental observation of 
instanton-induced effects is still lacking up to now. 

Deep-inelastic scattering at HERA offers a unique window to discover QCD- 
instanton induced events directly through their characteristic final-state signa- 
ture [4-7] and a sizeable rate, calculable within instanton perturbation the- 
ory [8-10]. It is the purpose of the present contribution to review our theoretical 
and phenomenological investigation of the prospects to trace QCD-instantons at 
HERA. 

The outline of this review is as follows; 

We start in Sect. 2 with a short introduction to instanton physics, contentrat- 
ing especially on two important building blocks of instanton perturbation theory, 
namely the instanton size distribution and the instanton-anti-instanton interac- 
tion. A recent comparison [11] of the perturbative predictions of these quantities 
with their non-pertnrbative measurements on the lattice [12] is emphasized. R 
allows to extract important information about the range of validity of instanton 
perturbation theory. The special role of dccp-inelastic scattering in instanton 
physics is outlined in Sect. 3; The Bjorken variables of instanton induced hard 
scattering processes probe the instanton size distribution and the instanton-anti- 
instanton interaction [8,9]. By final state cuts in these variables it is therefore 
possible to stay within the region of applicability of instanton perturbation the- 
ory, inferred from our comparison with the lattice above. Moreover, within this 
fiducial kinematical region, one is able to predict the rate and the (partonic) final 
state. We discuss the properties of the latter as inferred from our Monte Carlo 
generator QCDINS [5,13]. In Sect. 4, we report on a possible search strategy for 
instanton-induced processes in deep-inelastic scattering at HERA [7]. 



G. Grindhammer, B.A. Kniehl, G. Kramer (Eds.): LNP 546, pp. 203-217, 2000. 
Springer- Verlag Berlin Heidelberg 2000 
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2 Instantons in the QCD Vacuum 



In this section let us start with a short introduction to instantons and their 
properties, both in the perturbative as well as in the non-perturbative regime. 
We shall concentrate on those aspects that will be important for the description 
of instanton-induced scattering processes in deep-inelastic scattering in Sect. 3. 
In particular, we shall report on our recent determination of the region of ap- 
plicability of instanton perturbation theory for the instanton size distribution 
and the instanton-anti-instanton interaction [11]. Furthermore, we elucidate the 
connection of instantons with the axial anomaly. 

Instantons [1], being solutions of the Yang-Mills equations in Euclidean space, 
are minima of the Euclidean action S. Therefore, they appear naturally as gen- 
eralized saddle-points in the Euclidean path integral formulation of QCD, ac- 
cording to which the expectation value of an observable O is given by 

{0[A,iP,^]) = ^ I ( 1 ) 

where the normalization, 

Z = j , (2) 

denotes the partition function. Physical observables (e.g. 5-matrix elements) are 
obtained from the Euclidean expectation values (1) by analytical continuation 
to Minkowski space-time. In particular, the partition function (2) corresponds 
physically to the vacuum- to- vacuum amplitude. 

Instanton perturbation theory results from the generalized saddle-point ex- 
pansion of the path integral (1) about non-trivial minima of the Euclidean ac- 
tion^. It can be shown that these non-trivial solutions have integer topological 
charge, 

Q=^Jd^x = ±1, ±2, . . . , (3) 

and that their action is a multiple of 

S= f = (4) 

J ^ Os a,5 



In the weak coupling regime, Oj <C 1, the dominant saddle-point has |Q| = 1. 
The solution corresponding to Q = 1 is given by^ [1] (singular gauge) 



1 



2 



u,xo) = - - 



■u 



(7 jx i^X Xq^ [j 



g [X - xo) 



{x - xqY F 






( 5 ) 



Perturbative QCD is obtained from an expansion about the perturbative vacuum 
solution, i.e. vanishing gluon field and vanishing quark fields and thus vanishing 
Euclidean action. 

In Eq. (5) and throughout the paper we use the abbreviations, v = v = 

for any four-vector v^i- 
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where the “collective coordinates” p, xo and U denote the size, position and 
colour orientation of the solution. The solution (5) has been called “instanton” 
(/), since it is localized in Euclidean space and time (“instantaneous”), as can 
be seen from its Lagrangian density. 






{{x-xo^ + p^)^ 



S [Ai^\ = 



2tt 

Qfc 



( 6 ) 



It appears as a spherically symmetric bump of size p centred at x'q. 



Lagrange Density Topological Charge Density 




Fig.l. Instanton content of a typical slice of a gluon configuration on the lattice 
at fixed X, y as a function of z and t [17]. Lagrange density before “cooling”, with 
fluctuations of short wavelength 0{a) dominating (left). After “cooling” by 25 steps, 3 
Vs and 2 Ps may be clearly identified as bumps in the Lagrange density (middle) and 
the topological charge density (right). 



The natural starting point of instanton perturbation theory is the evaluation 
of the instanton contribution to the partition function (2) [2], by expanding the 
path integral about the instanton (5). Since the action is independent of the col- 
lective coordinates, one has to integrate over them and obtains the /-contribution 
normalized to the topologically trivial perturbative contribution in 

the form^ 



OO 

1 f f 

0 

The size distribution Dm{p) is known in the framework of /-perturbation the- 
ory for small as{pr)^^{p Pr) and small pmi{pr), where mi[pr) are the running 
quark masses and pr denotes the renormalization scale. After its pioneering eval- 
uation at 1-loop [2] for — 2 and its generalization [14] to arbitrary Nc, it is 
meanwhile available [15] in 2-loop renormalization-group (RG) invariant form, 
i.e. D~^ dD/d\n{pr) — 

Uf 

= Dm[p) = D{p) '[]{prai{pr)) {pprT>'^’' , (8) 



^ For notational simplicity, we call the /-position in the following x (instead of xo). 
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with the reduced size distribution 



D{p) 



_ ^MS 



27T 



‘MS 



ifJ-r) 



2iV, 



exp 



27T 



‘MS 



{Pr 






r("r) 



-.(9) 



Here, 70 is the leading anomalous dimension coefficient, /?,• {i = 0, 1) denote 
the leading and next-to-leading , 0 -function coefficients and is a known [16] 
constant. 




Fig. 2. Continuum limit [11] of “equivalent” UKQCD data [12,18] for the (/ -f /)- 
size distribution (left) and the normalized //-distance distribution (right) along with 
the respective predictions from /-perturbation theory and the valley form of the II- 
interaction [11], The 3-loop form of with from ALPHA [19] was used. 



The power-law behaviour of the (reduced) /-size distribution, 

D(p) (10) 

generically causes the dominant contributions to the /-size integrals (e.g. Eq. (7)) 
to originate from the infrared (IR) regime (large p) and thus often spoils the ap- 
plicability of /-perturbation theory. Since the /-size distribution not only appears 
in the vacuum-to- vacuum amplitude (7), but also in generic instanton-induced 
scattering amplitudes (c.f. Sect. 3) and matrix elements, it is extremely impor- 
tant to know the region of validity of the perturbative result ( 9 ). 

Crucial information on the range of validity comes [11] from a recent high- 
quality lattice investigation [12] on the topological structure of the QCD vacuum 
(for nj =0). In order to make /-effects visible in lattice simulations with given 
lattice spacing a, the raw data have to be “cooled” first. This procedure is de- 
signed to filter out (dominating) fluctuations of short wavelength 0(a), while 
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affecting the topological fluctuations of much longer wavelength p ^ a compar- 
atively little. After cooling, an ensemble of I’s and /’s can clearly be seen (and 
studied) as bumps in the Lagrange density and in the topological charge density 
(c.f. Fig. 1). 

Figure 2 (left) illustrates the striking agreement in shape and normaliza- 
tion [11] of 2 D[p) with the continuum limit of the UKQCD lattice data [12] for 
drijj^-j/d^x dp, for p <0.3 — 0.35 fm. The predicted normalization of D[p) is very 

sensitive to for which we took the most accurate (non-perturbative) result 
from ALPHA [19]. The theoretically favoured choice p^p — 0{\) in Fig. 2 (left) 
optimizes the range of agreement, extending right up to the peak around p ~ 0.5 
fm. However, due to its two-loop renormalization-group invariance, D[p) is al- 
most independent of pr for p<0.3 fm over a wide pr range. Hence, for p<0.3 
fm, there is effectively no free parameter involved. 

Turning back to the perturbative size distribution (8) in QCD with Uf ^ 0 
light quark flavours, we would like to comment on the appearent suppression of 
the instanton-induced vacuum-to- vacuum amplitude (7) for small quark masses, 
piTii 1. It is related [2] to the axial anomaly [20] according to which any 
gauge field fluctuation with topological charge Q must be accompanied by a 
corresponding change in chirality. 



AQsi — 2Q ; 









( 11 ) 



Thus, pure vacuurn-to-vacuum transitions induced by instantons are expected 
to be rare. On the other hand, scattering amplitudes or Green’s functions cor- 
responding to anomalous chirality violation (c.f. Fig. 3) are expected to receive 
their main contribution due to instantons and do not suffer from any mass sup- 
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Fig. 3. Instantons and anti-instantons induce chirality violating amplitudes. 



Let us illustrate this by the simplest example of one light flavour [nf = 1): 
The instanton contribution to the fermionic two-point function can be written 
as 



OO 

I '‘'‘I dp D(^p'j j dU (p 777^ {^X 1 ^ X2f j p^ 



0 



(12) 
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Expressing the quark propagator in the /-background, in terms of the 

spectrum of the Dirac operator in the /-background, which has exactly one 
right-handed zero mode^ kq [2], 



-i 






An^r,; with Ao = 0 and A„ 7 ^ 0 for n 7 ^: 0, (13) 

Ko(a:i; . . .) K^(a;2; . . .) ^ K„(a;i ; . . . ) 4(^z; ■ ■ ■ ) 
m ^ m -h zA„ 



we see that for m — )■ 0 only the zero mode contribution survives in Eq. (12), 

CO 

{'tp{xi)Tp{x2))‘^^'> ~ j d^x j dpD{p) j dUpKo{xi;x, p,U) kI(x 2 ',x, p,U).{15) 

0 



Note that ko/Cq has Q 5 = 2, exactly as required by the anomaly (11)- For the 
realistic case of three light flavours [n^ =: 3), the generalization of Eq. (15) 
leads to non-vanishing, chirality violating six-point functions corresponding to 
the anomalous processes shown in Fig. 3. 

Finally, let us turn to the interaction between instantons and anti-instantons. 
In the instanton-anti-instanton (//) valley approach [22] it is determined in the 
following way: Starting from the infinitely separated (J? — >■ 00 ) //-pair. 



A^“\x-,p,p, U,R) ^=°° A^p{x;p,l) + A<^p{x - R\p,U) (16) 

one looks for a constraint solution, which is the minimum of the action for 
fixed collective coordinates, p, p, U, R. The valley equations have meanwhile been 
solved for arbitrary separation R [23] and arbitrary relative color orientation 
U [24]. Due to classical conformal invariance, the //-action and the inter- 

action 17, 

S[Af'>] - — = Q{i, U)) (17) 

Q5 



depend on the sizes and the separation only through the “conformal separation” , 



e = 



P 



pp 






(18) 



Because of the smaller action, the most attractive relative orientation (c.f. Fig. 4) 
dominates in the weak coupling regime. Thus, in this regime, nothing prevents 
instantons and anti-instantons from approaching each other and annihilating. 

From a perturbative expansion of the path integral about the //-valley, one 
obtains the contribution of the //-valley to the partition function ( 2 ) in the form 



, — 00 00 

1 dZ C f f 

J J J ( 19 ) 

0 0 

^ According to an index theorem [21], the number rin/i of right /left-handed zero 
modes of the Dirac operator in the background of a gauge field with topological 
charge Q satisfies hr — ni = Q. For the instanton; ur = Q = 1; = 0. 
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Fig. 4. The instanton-anti-instanton interaction as a function of the conformal separa- 
tion for the most attractive and the mosl. repulsive relative orientation, respectively. 



where the group-averaged distribution of /7-pairs, Djj{R, p, p), is known, for 
small as, rtii, and for sufficiently large R [9-11], 



dn 



II 



d'^x d'^Rdpdp 
D{p) D{p) [ dU exp 



^iii^’ P> P) ~ 



( 20 ) 



47T 









p'p ' p 



,u 






Here, the scale factor = 0(1) parametrizes the residual scheme dependence 
and 



^ = / d‘^xKl^{x\...)[i]p^^^'^]K^j{x - R-,...) (21) 

denotes the fermionic interaction induced by the quark zero modes. 

We will see below in Sect. 3 that the distribution (20) is a crucial input for 
instanton-induced scattering cross sections. Thus, it is extremely welcome that 
the range of validity of (20) can be inferred from a comparison with recent lattice 
data. Fig. 2 (right) displays the continuum limit [11] of the UKQCD data [12,18] 
for the distance distribution of //-pairs, drijj/d'^x d'^R, along with the theoretical 
prediction [11]. The latter involves (numerical) integrations of exp(— dTr/a^ • J?) 
over the II relative color orientation (17), as well as p and p. For the respective 
weight D{p)D{p), a Gaussian fit to the lattice data was used in order to avoid 
convergence problems at large p, p. We note a good agreement with the lattice 
data down to //-distances R/{p) ~ 1. These results imply first direct support 
for the validity of the “valley”-form of the interaction i? between //-pairs. 

In summary; The striking agreement of the UKQCD lattice data with /- 
perturbation theory is a very interesting result by itself. The extracted lattice 
constraints on the range of validity of /-perturbation theory can be directly 
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translated into a “fiduciar’ kinematical region for our predictions [9,11] in deep- 
inelastic scattering, as shall be discussed in the next section. 



3 Instantons in Deep-Inelastic Scattering 



In this section we shall elucidate the special role of deep-inelastic scattering for 
instanton physics. We shall outline that only small size instantons, which are the- 
oretically under control, are probed in deep-inelastic scattering [8]. Furthermore, 
we shall show that suitable cuts in the Bjorken variables of instanton-induced 
scattering processes® allow us to stay within the range of validity of instan- 
ton perturbation theory, as inferred from the lattice [9,10]. We review the basic 
theoretical inputs to QCDINS, a Monte Carlo generator for instanton-induced 
processes in deep-inelastic scattering [5,13]. Finally, wc discuss the final state 
characteristics of instanton-induced events. 

Let us consider a generic /-induced process in deep-inelastic scattering (DIS), 

n, 

1* +9 => X] [^R + ^r\ + '^9 9 , (22) 

flavours 



which violates chirality according to the anomaly (11). The corresponding scat- 
tering amplitude is calculated as follows [8]: The respective Green’s function is 
first set up according to instanton perturbation theory in Euclidean position 
space, then Fourier transformed to momentum space, LSZ amputated, and fi- 
nally continued to Minkowski space where the actual on-shell limits are taken. 
Again, the amplitude appears in the form of an integral over the collective co- 
ordinates [8], 

OO 

j-(I)(2n,+n,) ^ j j ^ 23 ) 

0 



In leading order, the momentum dependence of the amplitude for fixed p and U , 



-(/) (2n,+ng) 



{q,p-,ki,k2, . . . ,k2uf, 



Pi,--- ,Pn,;P,U), 



(24) 



factorizes, as illustrated in Fig. 5 for the case nj — 1: The amplitude decomposes 
into a product of Fourier transforms of classical fields (instanton gauge fields; 
quark zero modes, e.g. as in Eq. (15)) and effective photon-quark “vertices” 
{ 2 )',P,U), involving the (non-zero mode) quark propagator [26] in 
the instanton background. These vertices are most important in the following 
argumentation since they are the only place where the space-like virtuality —q'^ = 
> 0 of the photon enters. 

® Our approach, focussing on the /-induced final state, differs substantially from an 
exploratory paper [25] on the /-contribution to the (inclusive) parton structure func- 
tions. Ref. [25] involves implicit integrations over the Bjorken variables of the /- 
induced scattering process. Unlike our approach, the calculations in Ref. [25] are 
therefore bound to break down in the interesting domain of smaller xb '^ iSO-3, where 
most of the data are located. 
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Fig. 5. Instanton-induced chirality-violating process, j’{q)+g{p) — )■ qR{ki) + qR{k 2 ) + 
g{pi) + • . ■ + g{prig), for rif = 1 in leading order of /-perturbation theory. The cor- 
responding Green’s function involves the products of the appropriate classical fields 
(lines ending at blobs) as well as the (non-zero mode) quark propagator in the instan- 
ton background (quark line with central blob). 



After a long and tedious calculation one finds [8] for these vertices, 

= 27ri/?2^2 [c(T^l/(9,A;i;p)t/t] , (25) 

= 27Tip2/2 [UV{q,k2\p)a^c] , (26) 



where 



V[q,k-,p) 






2^ {p'^~ (g - 



(27) 



2q ■ k 



p\/-q‘^ A'l {p\f^ 



Here comes the crucial observation: Due to the (large) space-like virtualities 
> 0 and Q'"^ = —{q — k)"^ > 0 in DIS and the exponential decrease 
of the Bessel A'-function for large arguments in Eq. (27), the /-size integration 
in our perturbative expression (23) for the amplitude is effectively cut off. Only 
small size instantons, p ~ 1/Q, are probed in DIS and the predictivity of I- 
perturbation theory is retained for sufficiently large Q — min(<5, Q'). 

The leading® instanton-induced process in the DIS regime of e^P scattering 
for large photon virtuality Q"^ is illustrated in Fig. 6. The inclusive /-induced 
cross section can be expressed as a convolution [4,9], involving integrations over 
the target-gluon density, fg, the virtual photon flux, Py. , and the known [9,10] 
flux of the virtual quark q' in the /-background (c.f. Fig. 6). 

The crucial instanton-dynamics resides in the so-called instanton-subprocess 
(c.f. dashed box in Fig. 6) with its associated total cross section a;'), 

® /-induced processes initiated by a quark from the proton are suppressed by a factor 
of Og with respect to the gluon initiated process [9]. This fact, together with the 
high gluon density in the relevant kinematical domain at HERA, justifies to neglect 
quark initiated processes. 
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current jet 




Fig. 6. The leading instanton-induced process in the deep-inelastic regime of P 
scattering («/ = 3). 



depending on its own Bjorken variables, 

Q'^ = -q'^>0; (28) 

2p ■ q' 

The cross section is obtained [9,10] in the form of an integral over II collective 
coordinates^. 



<T 



(I) 
q’ a 



OO OO 0 1 

j d'^R j dp j dpD{p)D{p) j 
0 0 

X (29) 



Thus, as anticipated in Sect. 2, the group averaged distribution of //-pairs (20) 
is closely related to the instanton-induced cross section. The lattice constraints 
on this quantity are therefore extremely useful. 

Again, the quark virtuality cuts off large instantons. Hence, the integrals 
in (29) are finite. In fact, they are dominated by a unique saddle-point [9,10], 



U* = most attractive relative orientation ; 

p*=r-l/Q'-, R*^-l/{p+qT ^ ( 30 ) 

p I — x' 

from which it becomes apparent (c.f. Fig. 7) that the virtuality Q' controls 
the effective /-size, while x' determines the effective //-distance (in units of 
the size p). By means of the discussed saddle-point correspondence (30), the 
lattice constraints may be converted into a “fiducial” region for our cross section 

^ Both an instanton and an anti-instanton enter here, since cross sections result from 
taking the modulus squared of an amplitude in the single /-background. In the 
present context, the //-interaction J? takes into account the exponentiation of final 
state gluons [9]. 
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Fig. 7. /-subprocess cross section [9] displayed versus the Bjorken variable Q'^ with x' 
fixed (left) and versus x' with Q'^ fixed (right) for n / = 3. The dotted lines indicate the 
corresponding effective /-sizes p* [fm] (left) and //-distances /?’ in units of p* (right), 
respectively. 



predictions in DIS [9], 

P* < 0.3 - 0.35 fm; 1 f > 30.8; 

fr > 1 J U' >0-35. 

As illustrated in Fig. 7, (7^f^(Q',«') is very steeply growing for decreasing val- 
ues of and x’ , respectively. The constraints (31) from lattice simulations 
are extremely valuable for making concrete predictions. Note that the fiducial 
region (31) and thus all our predictions for HERA never involve values of the 
//-interaction 1? smaller than —0.5 (c.f. Fig. 4), a value often advocated as a 
lower reliability bound [27]. 

Let us present an update of our published prediction [9] of the /-induced 
cross section at HERA. For the following modified standard cuts, 

Cstd ^x'> 0.35, Q' > 30.8 a:Bj > 10-^ (32) 

0.1 < 2/bj < 0.9, Q>30.8Agd\ 

involving the minimal cuts (31) extracted from lattice simulations, and an update 
of to the 1998 world average [28], we obtain 

'’’HERA(f'std) = 29.2^3 pb. (33) 

Note that the cjuoted errors in the cross section (33) only reflect the uncertainty 
in a|^= 219123 MeV [28], on which is known to depend very strongly [9]. 
We have also used now the 3-loop formalism [28] to perform the flavour reduction 
of A^^ from 5 to 3 light flavours. Finally, the value of is substantially 
reduced compared to the one in Ref. [9], since we preferred to introduce a further 
cut in Q^, with = Q^in’ m order to insure the smallness of the /-size p in 

contributions associated with the second term in Eq. (27). 
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Based on the predictions of /-perturbation theory, a Monte Carlo generator 
for simulating QCD-instanton induced scattering processes in DIS, QCDINS, 
has been developed [5,13]. It is designed as an “add-on” hard process generator 
interfaced by default to the Monte Carlo generator HERWIG [29]. Optionally, 
an interface to JETSET [30] is also available for the final hadronization step. 

QCDINS incorporates the essential characteristics that have been derived 
theoretically for the hadronic final state of /-induced processes: notably, the 
isotropic production of the partonic final state in the /-rest system {q' g center of 
mass system in Fig. 6), flavour “democracy”, energy weight factors different for 
gluons and quarks, and a high average multiplicity 2nj -\- 0[\/as) of produced 
partons with a (approximate) Poisson distribution of the gluon multiplicity. 




Fig. 8. Lego plot of a typical instanton-induced event from QCDINS. 



The characteristic features of the /-induced final state are illustrated in Fig. 8 
displaying the lego plot of a typical event from QCDINS (c. f. also Fig. 6): Be- 
sides a single (not very hard) current jet, one expects an accompanying densely 
populated “hadronic band”. For a;Bjmin — 10“^, say, it is centered around ~ 2 
and has a width of Arj ~ ±1. The band directly reflects the isotropic produc- 
tion of an /-induced “fireball” of 0(10) partons in the /-rest system. Both the 
total transverse energy {Et) ~ 15 GeV and the charged particle multiplicity 
{ric) ~ 13 in the band are far higher than in normal DIS events. Finally, each I- 
induced event has to contain strangeness such that the number of A'°’s amounts 
to ~ 2.2/event. 

4 Search Strategies 

In a recent detailed study [7], based on QCDINS and standard DIS event genera- 
tors, a number of basic (experimental) questions have been investigated: How to 
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a) 




Pt (Je<) [GeV] 



b) 



100 150 

Q',« [GeV^l 




c) 



EVb [GeV] 




d) 





Fig. 9. Distributions of various observables for normal DIS and /-induced processes [7], 
Shown are the distributions for the “reference Monte Carlos” (INS markers = QCDINS 
+ HERWIG, DIS markers = ARIADNE [31], including Pomeron exchange) and their 
variations (shaded band) resulting from the choice of different models or the variation 
of parameters of a model (c. f. Fig. 10). The lines and the corresponding arrows show 
the cut applied in each of the observables, with the arrows pointing in the direction of 
the allowed region. 



isolate an /-enriched data sample by means of cuts to a set of observables? How 
large are the dependencies on Monte-Carlo models, both for /-induced (INS) 
and normal DIS events? Can the Bjorken- variables (Q' , x') of the /-subprocess 
be reconstructed? 

All the studies presented in Ref. [7] were performed in the hadronic center of 
mass frame, which is a suitable frame of reference in view of a good distinction 
between /-induced and normal DIS events (c.f. Ref. [6]). The results are based 
on a study of the hadronic final state, with typical acceptance cuts of a HERA 
detector being applied. 

Let us briefly summarize the main results of Ref. [7]. While the “/-separation 
power” = INSefr(iciency)/DISeff(iciency) typically does not exceed 0(20) for single 
observable cuts, a set of six observables (among ~ 30 investigated in Ref. [6]) 
with much improved joint /-separation power = 0(130) could be found, see 
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Fig. 9. These are (a) the pt of the current jet, (b) Q'^ as reconstructed from 
the final state, (c) the transverse energy and (d) the number of charged particles 
in the /-band region* , and (e,f) two shape observables that are sensitive to the 
event isotropy. 

The systematics induced by varying the modelling of /-induced events re- 
mains surprisingly small (Fig. 10). In contrast, the modelling of normal DIS 
events in the relevant region of phase space turns out to depend quite strongly 
on the used generators and parameters [7]. Despite a relatively high expected 
rate for /-events in the fiducial DIS region [9] , a better understanding of the tails 
of distributions for normal DIS events turns out to be quite important. 



Cuts; 

55 GeV“ < Q;L < 95 GeV“ (Jet) > 4 GeV > 8 GeV 

(E',„,b.-E'„„,,b.)/E’,„.b*< 0-4 H,„>0.84 n', > 7 




Fig. 10. /-separation power (INScff /DlSeft ) of a multidimensional cut-scenario depend- 
ing on the variation of MC models and parameters used to simulate /-Induced events [7]. 
The efficiencies and remaining event numbers for an integrated luminosity £ ~ 30 pb~ 
and corresponding to the cross section from QCDINS 1.6.0 are listed. 



® With the prime in Fig. 9 (c,d,e) indicating that the hadrons from the current jet 
have been subtracted. 




Theory and Phenomenology of Instantons 217 



References 

1. A. Belavin, A. Polyakov, A. Schwarz, Yu. Tyupkin: Phys. Lett. B 59, 85 (1975) 

2. G. ‘t Hooft: Phys. Rev. Lett. 37, 8 (1976); Phys. Rev. D 14, 3432 (1976); Phys. 
Rev. D 18, 2199 (1978) (Erratum); Phys. Rep. 142, 357 (1986) 

3. T. Schafer, E. Shuryak; Rev. Mod. Phys. 70, 323 (1998) 

4. A. Ringwald, F. Schrempp: ‘Towards the Phenomenology of QCD-Instanton In- 
duced Particle Production at HERA’, hep-ph/9411217. In: Quarks ‘94, Proc. 8th 
Int. Seminar, Vladimir, Russia, May 11-18, 1994, ed. by D. Grigoriev et al. (World 
Scientific, Singapore 1995) pp. 170-193 

5. M. Gibbs, A. Ringwald, F. Schrempp: ‘QCD-Instanton Induced Final States in Deep 
Inelastic Scattering’, hep-ph/9506392. In: Workshop on Deep Inelastic Scattering 
and QCD (DIS 95), Paris, France, April 24~28, 1995, ed. by J.F. Laporte, Y. Sirois 
(Ecole Polytechnique, Paris 1995) pp. 341-344 

6. J. Gerigk: ‘QCD-Instanton-induzierte Prozesse in tiefunelastischer e’*^p-Streuung’, 
Dipl. Thesis (in German), University of Hamburg (unpublished) and MPI-PhE/98- 
20, Nov. 1998 

7. T. Carli, J. Gerigk, A. Ringwald, F. Schrempp: ‘QCD Instanton- Induced Processes 
in Deep- Inelastic Scattering - Search Stragegies and Model Dependencies’, hep- 
ph/9906441. To appear in: Proc. DESY Workshop 1998/1999 on Monte Carlo 
Generators for HERA Physics 

8. S. Moch, A. Ringwald, F. Schrempp: Nucl. Phys. B 507 , 134 (1997) 

9. A. Ringwald, F. Schrempp: Phys. Lett. B 438, 217 (1998) 

10. S. Moch, A. Ringwald, F. Schrempp: in preparation 

11. A. Ringwald, F. Schrempp: Phys. Lett. B 459, 249 (1999) 

12. D.A. Smith, M.J. Teper (UKQCD): Phys. Rev. D 58, 014505 (1998) 

13. A. Ringwald, F. Schrempp: in preparation 

14. C, Bernard: Phys. Rev. D 19, 3013 (1979) 

15. T. Morris, D. Ross, C. Sachrajda: Nucl. Phys. B 255, 115 (1985) 

16. A. Hasenfratz, P. Hasenfratz: Nucl. Phys. B 193, 210 (1981) 

M. Luscher: Nucl. Phys. B 205 , 483 (1982) 

17. M.-C. Chu, J.M. Grandy, S. Huang, J.W. Negele: Phys. Rev. D 49, 6039 (1994) 

18. M. Teper: private communication 

19. S. Capitani, M. Liischer, R. Sommer, H. Wittig: Nucl. Phys. B 544, 669 (1999) 

20. S. Adler: Phys. Rev. 177 , 2426 (1969) 

J. Bell, R. Jackiw: Nuovo Cimento 51, 47 (1969) 

W. Bardeen: Phys. Rev. 184, 1848 (1969) 

21. M. Atiyah, I. Singer: Ann. Math. 87, 484 (1968) 

22. A. Yung: Nucl. Phys. B 297 , 47 (1988) 

23. V.V. Khoze, A. Ringwald: Phys. Lett. B 259, 106 (1991) 

24. J. Verbaarschot: Nucl. Phys. B 362 , 33 (1991) 

25. I. Balitsky, V. Braun: Phys. Lett. B 314, 237 (1993) 

26. L. Brown, R. Carlitz, D. Creamer, C. Lee: Phys. Rev. D 17, 1583 (1978) 

27. V. Zakharov: Nucl. Phys. B 353 , 683 (1991) 

M. Maggiore, M. Shifman: Nucl. Phys, B 365 , 161 (1991); ihid. 371 , 177 (1991) 
G. Veneziano: Mod. Phys. Lett. A 7 , 1661 (1992) 

28. C. Caso et al. (Particle Data Group): Eur. Phys. J. C 3, 1 (1998) 

29. G. Marchesini et al.: Comp. Phys. Commun. 67, 465 (1992) 

30. T. Sjdstrand: Comp. Phys. Commun. 82, 74 (1994) 

31. L, Lonnblad: Comp. Phys. Commun. 71, 15 (1992) 




Experimental Results on Two-Photon Physics 
from LEP 



Richard Nisius 

CERN, CH-1211 Geneve 23, Switzerland 



Abstract. This review covers selected results from the LEP experiments on the struc- 
ture of quasi-real and virtual photons. The topics discussed are the total hadronic 
cross-section for photon-photon scattering, hadron production, jet cross-sections, heavy 
quark production for photon-photon scattering, photon structure functions, and cross- 
sections for the exchange of two virtual photons. 



1 Introduction 

The photon structure has been investigated in detail at LEP based on the scat- 
tering of two electrons^ proceeding via the exchange of two photons, as shown 
in Figure 1. The reactions are classified depending on the virtualities of the pho- 




Fig. 1. A diagram of the reaction ee — > eeA, proceeding via the exchange of two 
photons. 



tons, with —q'^ — and — = P'^, and on the nature of the final state X. If 
a photon has small virtuality, and the corresponding electron is not observed in 
the experiment, it is called a quasi-real photon, 7 . If the electron is observed, 

^ Fermions and anti-fermions are not distinguished, for example, electrons and 
positrons are referred to as electrons. The naturcil system of units, which means, 
c = ft = 1 is used. 
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the photon is far off-shell, and the virtual photon is denoted with 7 *. As the 
two photons can either be quasi-real or virtual the reactions are classified as 
77 scattering (photon-photon scattering or anti-tagged events), 77 * scattering 
(deep inelastic electron-photon scattering or single tag events), and 7*7* scat- 
tering (double tag events). In each of the classes, different aspects of the photon 
structure can be investigated. Due to space limitations not all results can be re- 
viewed here, only a personal selection has been chosen driven by the relevance of 
the different topics in the context of this workshop on HERA physics. The main 
results not covered here concern resonance production and glueball searches, 
which are described in Ref. [1]. 

2 Results from 77 Scattering 

The 77 scattering reaction has the largest hadronic cross-section at LEP2 en- 
ergies. The main topics studied are the total hadronic cross-section for photon- 
photon scattering, and more exclusively, hadron production, jet cross-sec- 
tions and the production of heavy quarks. 

2.1 The Total Photon-Photon Cross-Section 

The measurement of <j-y.y is both, interesting and challenging. It is interesting, be- 
cause in the framework of Regge theory can be related to the total hadronic 
cross-sections for photon-proton and hadron-hadron scattering, and Chh, 
and a slow rise with the photon-photon ccnter-of-mass energy, s = W^, is pre- 
dicted. It is challenging, firstly, because experimentally the determination of 
the hadronic invariant mass, W, is very difficult due to limited acceptance and 
resolution for the hadrons created in the reaction and secondly, because the 
composition of different event classes, for example, diffractive and quasi-elastic 
processes, is rather uncertain, which affects the overall acceptance of the events. 
The first problem is dealt with by determining W from the visible hadronic 
invariant mass using unfolding programs. The second uncertainty is taken into 
account by using two models, namely PHOJET [2] and PYTHIA [3], for the 
description of the hadronic final state and for the correction from the accepted 
cross-section to cr^j, leading to the largest uncertainty of the result. 

The published measurements of Uj-y by L3 [4] and by OPAL [5] are shown 
in Figure 2 (left). Both results show a clear rise as a function of W. The cross- 
section cTjj is interpreted within the framework of Regge theory, motivated by 
the fact that cr-yp and cThh are well described by Regge parametrisations using 
terms to account for pomeron and reggeon exchanges. The originally proposed 
form of the Regge parametrisation for <r-y-y is 

CT-y-y(s) ~ Ax-y-yS ^ -f Y^-y-yS , (l) 

where s is taken in units of GeV^. The first term in the equation is due to 
soft pomeron exchange and the second term is due to reggeon exchange. The 
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Fig. 2. The published results on as a function of W (right), and an illustration of 
the spread of the fit results to various data (left). 



exponents ei and jyi are assumed to be universal. The presently used values of 
Cl = 0.095±0.002 and rji = 0.034±0.02 are taken from Ref. [ 6 ]. The parameters 
were obtained by a fit to the total hadronic cross-sections of pp, pp, 7 r^p, K^p, 7 p 
and 77 scattering reactions. The coefficients Xi-y-y and Yi-yj have to be extracted 
from the 77 data. The values obtained in Ref. [ 6 ] by a fit to older 77 data, 
including those of L3 from Ref. [4], are Xiy^ = (156 ± 18) nb and = (320 ± 
130) nb. Recently an additional hard pomeron component has been suggested 
in Ref. [7] leading to 

cr.^..j,(s) = -f X2-YyS^^ -f , (2) 

with a proposed value of €2 = 0.418 and an expected uncertainty of €2 of about 
±0.05. Different fits to the data have been performed by the experiments. 

The interpretation of the results is very difficult, because, firstly the parame- 
ters are highly correlated, secondly, the main region of sensitivity to the reggeon 
term is not covered by the OPAL measurement and thirdly, different assumptions 
have been made when performing the fits. The correlation of the parameters of 
Eq. (2) can be clearly seen in Figure 2(right a,b), where the theoretical predic- 
tions are shown, exploring the uncertainties for the soft pomeron term in (a) and 
for the reggeon as well as for the hard pomeron term in (b), using the central 
values and errors quoted in Ref. [ 6 ]. ft is clear from Figure 2 (right a,b) that by 
changing different parameters in (a) and (b) a very similar effect on the rise of 
the total-cross section can be achieved. Figure 2(right c) shows the spread of the 
best fit curves for various data and various fit assumptions explained below. In 
Figure 2(right a-c) in addition the results from Ref. [5] are shown to illustrate 
the size of the experimental uncertainties. 
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Fig. 3. Fits to the total hadronic cross-section for photon-photon scattering as a 
function of W for OPAL data at \/See ~ ~ GeV (left), and for L3 data at 

= 189 GeV using two different Monte Carlo models for correcting the data (right). 



Examples of different fits are shown in Figure 3 taken from Refs. [5,8]. They 
yield the following results: 

• The OPAL data, within the present range of W, can be accounted for 
without the presence of the hard pomeron term. When fixing all exponents 
and Yij-y to the values listed above the fit yields X2'yy = (0.5 ± 0 . 21 [ q ) nb, 
which is not significantly different from zero, and Xi^~^ = (182 ± 3 ± 22) nb, 
which is consistent with the values from Ref. [6]. Using X 2 ->/j = 0 and leaving 
only Cl and Xi-^^ as free parameters results in fi = 0.101 ± O.OOdlp Q^g and 
Xiy-y = (180 ± 5([|2) Figure 2(right, c, full), again consistent with Ref. [6]. 

• In all fits performed by L3 the hard pomeron term is set to zero. The 
L3 data from Ref. [4] can be fitted using the old values for the exponents of 
Cl = 0.0790 ± 0.0011 and 171 = 0.4678 ± 0.0059 from Ref. [9] leading to Xi^~^ — 
(173 ± 7) nb and Yi-y,-,. = (519 ± 125) nb, Figure 2(right, c, dash). The L3 data 
at \/See — GeV indicate a faster rise with energy. Using ci = 0.95 and 
r]i = 0.34, and the PHOJET Monte Carlo for correcting the data, leads to 
X\^~f = (172 ± 3) nb and = (325 ± 65) nb, but the confidence level of the 
fit is only 0.000034 [8]. Fixing only the reggeon exponent to 771 = 0.34 leads to 
€1 = 0.222 ± 0.019/0.206 ± 0.013, Xi^-^ = (50 ± 9) / (78 ± 10) nb and = 
(1153 ± 114)/ (753 ± 116) nb, when using PHOJET/PYTHIA, Figure 2(right, 
c, dot /dot-dash). 

In summary, the situation is unclear at the moment with OPAL being con- 
sistent with the universal Regge prediction, whereas L3 indicating a faster rise 
with s for the data at \/See ~ GeV. In addition, the L3 data taken at dif- 
ferent center-of-mass energies show a different behaviour of the measured cross- 
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section, with the data taken at \/See ~ ~ GeV being lower, especially 

for IT < 30 GeV. 

2.2 The Production of Charged Hadrons 

The production of charged hadrons is sensitive to the structure of the photon- 
photon interactions without theoretical and experimental problems related to 
the definition and reconstruction of jets. The two main results from the study 
of hadron production at LEP are shown in Figure 4. 
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Fig. 4. The differential single particle inclusive cross-section for hadron production in 
photon-photon scattering at ^/s^^ = 161 — 172 GeV compared to other experiments 
for 10 < VF < 30 GeV (left), and compared to next-to-leading order calculations for 
10 < VF < 125 GeV (right). 

In Figure 4(left) the differential single particle inclusive cross-section dcr/dpx 
for charged hadrons for 77 scattering as obtained by OPAL [10], with 10 < IT < 
30 GeV, is shown, together with results from 7 p, Trp and Kp scattering from 
WA69 with a hadronic invariant mass of 16 GeV. The WA69 data are normalised 
to the 77 data at px ^ 0-2 GeV. In addition, ZEUS data from Ref. [11] on charged 
particle production in 7 p scattering with a diffractively dissociated photon are 
shown. These data have an average invariant mass of the diffractive system of 
10 GeV, and again they are normalised to the OPAL data. In Figure 4(right) 
the differential single particle inclusive cross-section for 10 < IT < 125 GeV is 
compared to next-to-leading order QCD predictions. The main findings are: 

• The spectrum of transverse momentum of charged hadrons in photon- 
photon scattering is much harder than in the case of photon-proton, hadron- 
proton and ‘photon-Pomeron’ interactions. This can be attributed to the direct 
component of the photon-photon interactions. 
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• The production of charged hadrons is found to be well described by the 
next-to-leading order QCD predictions from Ref. [12] over a wide range of W. 
These next-to-leading order calculations are based on the QCD partonic cross- 
sections, the next-to-leading order GRV parametrisation of the parton distribu- 
tion functions and on fragmentation functions fitted to e+e“ data. The renor- 
malisation and factorisation scales are set equal to px- 



2.3 Jet Production 



Jet production is the classical way to study the partonic structure of particle 
interactions. At LEP the di-jet cross-section in 77 scattering was studied in 
Ref. [13] at — 161 — 172 GeV using the cone jet finding algorithm with R — 
1. Three event classes are defined, direct, single-resolved and double-resolved 
interactions. Here, direct means that the photons as a whole take part in the 
hard interaction, whereas resolved means that a parton of a hadronic fluctuation 
of the photon participates in the hard scattering reaction. Experimentally, direct 
and double-resolved interactions can be clearly separated using the quantity 

± _ ^jets=l,2(-^ Pz) , . 

" Ehad.ons(^±P0’ 



whereas a selection of single-resolved events cannot be achieved with high purity. 
Ideally, in leading order direct interactions have = 1, however, due to reso- 
lution and higher order corrections the measured values of are smaller. Ex- 
perimentally, samples containing large fractions of direct events can be selected 
by requiring x^ > 0 . 8 , and samples containing large fractions of double-resolved 
events by using x^ < 0 . 8 . 




Fig. 5. The angular dependence of di-jet production at = 161 — 172 GeV compared 
to leading order matrix elements (left) and to next-to-leading order (NLO) predictions 
(right). 

The measurement of the distribution of cos 0* , the cosine of the scattering an- 
gle in the photon-photon centre-of-mass system, allows for a test of the dilTerent 
matrix elements contributing to the reaction. The scattering angle is calculated 
from the jet rapidities in the laboratory frame using 

cos 0* = tanh 



2 



( 4 ) 
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In leading order the direct contribution 77 qq leads to an angular depen- 
dence of the form (1 — cos^ 0 *)“'^, whereas double-resolved events, which are 
dominated by gluon induced reactions, are expected to behave approximately 
as (1 — cos^ 6 i*)~^. The steeper angular dependence of the double- resolved in- 
teractions can be clearly seen in Figure 5(left), where the shape of the di-jet 
cross-section, for events with di-jet masses above 12 GeV and average rapidities 
of 1(^1 + ^ 2 )/ 2 | < 1, is compared to leading order predictions. In addition, the 
shape of the angular distribution observed in the data is roughly described by the 
next-to-leading order prediction from Refs. [14], Figure 5(right). In both cases 
the theoretical predictions are normalised to the data in the first three bins. 

These next-to-leading order calculations well account for the observed in- 
clusive differential di-jet cross-section, d(r/d£'l^\ as a function of jet transverse 
energy, for di-jet events with pseudorapidities < 2. As expected the 




Fig. 6. The dependence of di-jet production at = 161 — 172 GcV compared 
to next-to-leading order (NLO) predictions for different event classes (left) and for 
different parametrisations of the parton distribution functions of the photon (right). 



direct component can account for most of the cross-section at large whereas 
the region of low is dominated by the double-resolved contribution, shown in 
Figure 6 (left). The calculations from Refs. [15] for three different next- to-leading 
order parametrisations of the parton distribution functions of the photon arc in 
good agreement with the data shown in Figure 6 (right), except in the first bin, 
where theoretical as well as experimental uncertainties are large. Unfortunately, 
this is the region which shows the largest sensitivity to the differences of the 
parton distribution functions of the photon. 



2.4 Heavy Quark Production 

The production of heavy quarks in photon-photon scattering is dominated by 
charm quark production, as the bottom quarks are much heavier and have a 
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smaller electric charge. Due to the large scale of the process provided by the 
charm quark mass, the production of charm quarks can be predicted in next- 
to-leading order perturbative QCD. In QGD the production of charm quarks at 
LEP2 energies receives contributions of about equal size from the direct produc- 
tion mechanism and from the single-resolved contribution, shown in Figure 7. 
In contrast, the double-resolved contribution is expected to be very small, see 
Ref. [16] for details. 





Single Resolved 



Fig. 7. The direct (left) and single-resolved (right) contributions to charm quark pro- 
duction in photon-photon collisions. 



In photon-photon collisions the charm quarks have been tagged using stan- 
dard techniques, either based on the observation of semileptonic decays of charm 
quarks using identified electrons and muons in Ref. [17], or by the measurement 
of D* production in Refs. [18-20] using the decay D* D^n, where the pion 
has very low energy, followed by the D° decay observed in one of the decay 
channels, A'tt, A'tttttt. The leptons as well as the D* can be clearly 

separated from background processes, as shown in Figure 8. Using the ratio of 
the transverse energy of the electron measured in the calorimeter and the trans- 
verse momentum measured in the tracking chamber the electrons can be well 
separated from other charged particles. Figure 8(left) from Ref. [17]. Utilising 
the low energy of the slow pion a clear peak can be observed in the mass dif- 
ference, AM , between the mass of the D* and the mass of the D° candidate, 
as shown in Figure 8(right) from Ref. [19]. However, due to the small branching 
ratios and selection inefficiencies the selected event samples are small and the 
measurements are limited mainly by the statistical error. 

Based on these tagging methods differential cross-sections for charm quark 
production and D* production in restricted kinematical regions have been ob- 
tained, examples of which are shown in Figure 9. Figure 9(left) shows the differ- 
ential cross-section for charm quark production, with semileptonic decays into 
electrons fulfilling |cos0e| < 0.9 and > 0.6 GeV and for IF > 3 GeV. The 
data are compared to the leading order prediction from PYTHIA, normalised 
to the number of data events observed. The shape of the distribution is well re- 
produced by the leading order prediction. Figure 9(right) shows the differential 
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Fig. 8. Charm quark tagging via electrons from semileptonic decays (left), and via the 
mass difference between the mass of the D* and the mass of the D° candidate (right). 




Fig. 9. Differential cross-sections for charm quark production with semileptonic de- 
cays into electrons (left), and for D* production (right), both determined in restricted 
kinematical regions. 



cross-sections for D* production as a function of the transverse momentum of 
the D*, for <1.5 compared to the next-to-leading order predictions from 

Ref. [21] calculated in the massless approach. The differential cross-sections as 
functions of the transverse momentum and rapidity of the D* are well repro- 
duced by the next-to-leading order perturbative QCD predictions, both for the 
OPAL results [19] and for the L3 results [20]. The shape of the OPAL data can 
be reproduced by the NLO calculations from Ref. [16], however, the theoreti- 
cal predictions are somewhat lower than the data, especially at low values of 
transverse momentum of the D* . 

Based on the observed cross-sections in the restricted ranges in phase space 
the total charm quark production cross-section is derived, very much relying on 
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the Monte Carlo predictions for the unseen part of the cross-section. Two issues 
are addressed, firstly the relative contribution of the direct and single-resolved 
processes, and secondly the total charm quark production cross-section. The di- 
rect and single-resolved events, for example, as predicted by the PYTHIA Monte 
Carlo, show a different distribution as a function of the transverse momentum 
of the D* meson, , normalised to the visible hadronic invariant mass, ITvisj 
as can be seen in Figure lO(left) from Ref. [19]. This feature has been used to 
experimentally determine the relative contribution of direct and single-resolved 
events, which were found to contribute about equally to the cross-section. 




Fig. 10. The sepeiration of the D* production into direct and single-resolved contribu- 
tions (left) and the total cross-section for charm quark production (right). 



The total cross-section for the production of charm quarks is shown in Fig- 
ure lO(right). The LEP results are consistent with each other and the theoretical 
predictions are in agreement with the data. The measurements suffer from addi- 
tional errors due to the assumptions made in the extrapolation from the accepted 
to the total cross-section, which are avoided by only measuring cross-sections in 
restricted ranges in phase space. It has been shown in Ref. [16] that the NLO 
calculations are flexible enough to account for the phase space restrictions of an 
experimental analysis and that the predicted cross-sections in restricted ranges 
in phase space are less sensitive to variations of the charm mass and to alterations 
of the renormalisatiop as well as the factorisation scale. Given this, more insight 
into several aspects of charm quark production may be gained by comparing 
experimental results and theoretical predictions for cross-sections in restricted 
ranges in phase space. 

In addition to the measurements of the charm quark production cross-sections, 
a preliminary measurement of the cross-section for bottom quark production has 
been reported in Ref. [22]. 
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3 Results from 77 * Scattering 

In this kinematical region the reaction can be described as deep-inelastic electron- 
photon scattering and allows for measurements of photon structure functions, 
similarly to measurements of proton structure functions in the case of electron- 
proton scattering at HERA. The measurements of photon structure functions 
have been discussed in detail in the literature and the reader is referred to the 
most recent review, Ref. [23], and to references therein. Only the main results 
from the LEP experiments are shortly mentioned here. 

• The QED structure function E'^qed been precisely measured using 
data in the approximate range of average virtualities of 1.5 — 130 GeV^. 
The LEP data are so precise that the effect of the small virtuality of the 
quasi-real photon can clearly be established. 

• The structure functions qejj and Pg Qgg give more insight into the 
helicity structure of the 77 * interaction. They were obtained from the shape of 
the distribution of the azimuthal angle between the plane defined by the mo- 
mentum vectors of the muons and the plane defined by the momentum vectors 
of the incoming and the deeply inelastically scattered electron. Both structure 
functions were found to be significantly different from zero, and the recent the- 
oretical predictions from Ref. [24], which take into account the important mass 
corrections up to 0 (m^/lT^), are consistent with the measurements. 

• The hadronic structure function has been measured using data in the 
approximate range of average virtualities of of 1.9 — 400 GeV^. The general 
features of the measurements can be described by several parametrisations of . 
However, the data are precise enough to disfavour those parametrisations which 
predict a fast rise of at low values of x, driven by large gluon distribution 
functions. 

• The evolution of with has been studied in bins of x. The measure- 
ments are consistent with each other and a clear rise of F^ with is observed. 
The general trend of the data is followed by the predictions of several parametri- 
sations of F 2 ■ It is an interesting fact that at medium values of x this rise can 
also be described reasonably well (0(15%) accuracy) by the leading order aug- 
mented asymptotic prediction detailed in Ref. [25], which uses the asymptotic 
solution from Ref. [26] for F^ for the light flavour contribution as predicted by 
perturbative QCD for ag{Mz) = 0.128. 

4 Results from 7 * 7 * Scattering 

The QED and the hadronic structure of virtual photons have been studied at 
LEP. The structure functions of virtual photons can be determined for the situ- 
ation where one photon has a much larger virtuality than the other, F^, 

by measuring the cross-section for events where both electrons are observed. 
For the situation where both photons have similar virtualities, ss P^, the 
structure function picture is no longer applicable and differential cross-sections 
for the exchange of two highly- virtual photons have been measured instead. The 
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main results from the LEP experiments are shortly mentioned here, for a more 
detailed discussion the reader is referred to Ref. [23], 
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Fig. 11. The differential cross-sections for the exchange of two highly virtual photons 
as functions of various variables from L3 (left) and OPAL (right). 



• The effective hadronic structure function [27] has been measured by L3 [28] 
for average virtualities of (Q^) = 120 GeV^ and (P^) = 3.7 GeV^. A consistent 
picture is found for the effective structure function between the older PLUTO 
result from Ref. [27] and the L3 data, and the general features of both measure- 
ments are described by the next-to-leading order predictions from Ref. [29]. 

• The cross-section for the exchange of two highly virtual photons with muon 
final states has been measured in Ref. [30]. There is good agreement between 
the measured cross-section and the QED prediction. The measurement shows 
that the interference terms, which are usually neglected in investigations of the 
hadronic structure of the photon, are present in the data in the kinematical re- 
gion of the analysis, mainly at « > 0.1, and that the corresponding contributions 
to the cross-section are negative. 

• The cross-section for the exchange of two highly virtual photons with 
hadronic final states has been measured in Refs. [31-33], and the main results 
are shown in Figure 11. The differential cross-sections as functions of various 
variables are well described by leading order Monte Carlo models. Much larger 
cross-sections are predicted in the framework of BFKL calculations. These pre- 
dictions are strongly disfavoured by the data. 
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Abstract. A pedagogical introduction to the experimental results on hard photopro- 
duction at HERA is provided. Then the latest results in this field from ZEUS and Hi 
are reviewed. 



1 Introduction 

It has now been firmly established that the photon can interact strongly, as 
though it were a hadron. Indeed, two of the first physics results to be published 
by the HERA experiments HI and ZEUS were the measurements of the total 
photoproduction cross section [1,2]. These confirmed the cross section of the 
photon to be of order 100 /ib, close to the area of a typical hadron. 

Of course the total cross section is dominated by peripheral collisions which 
cannot be described in perturbative QCD. In the presence of a hard scale the 
photon proton cross section factorizes into terms describing the photon and 
proton structures, and a hard QCD subprocess. Then a perturbative expansion 
may be applied to determine the subprocess cross section (for an introduction 
to the theory of hard photoproduction see Michael Klasen’s contribution to this 
proceedings). 

With subsequent data sets HI and ZEUS measured the photoproduction 
cross section for events in the perturbatively calculable regime, i.e. with jets of 
at least ifj > 5 GeV [3,4]. This cross section is naturally much smaller, of 
the order of 10 nb, however the hadronic nature of the photon is still prevalent. 
The HERA experiments clearly established two classes of contribution to the 
photoproduction of jets: the direct process in which the photon itself participates 
in the hard subprocess and the resolved process in which the photon fluctuates 
into a hadronic object and one of its partonic constituents participates in the 
hard subprocess. For instance, HI found an excess of energy in the rear direction, 
over what was expected for direct photoproduction processes [5]. This energy 
could be attributed to the presence of a photon remnant jet in the resolved 
photon process. 

An unambiguous distinction between resolved and direct processes exists only 
at leading order (LO). In Figures 1(a) and (b) examples of direct diagrams in 
LO and next-to-leading order (NLO), respectively, are shown. Figure 1(c) shows 
an example of a resolved diagram at leading order. Clearly, if the outgoing quark 
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Fig. 1. Illustration of diagrams for (a) LO direct (b) NLO direct and (c) LO resolved 
photoproduction processes 



line in the NLO direct diagram 1(b) has small transverse momentum then this 
process could as well be represented by the LO resolved diagram 1(c). Therefore 
some prescription must be introduced in order to make a well-defined distinction 
between direct and resolved processes. 

To this end the observable quantity 2 ;®®® has been defined; 
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2y£’e 



where and 77 !^*' are the jet transverse energy and pseudorapidity respectively, 
y is the fraction of the electron’s energy carried by the incoming photon, Eg is the 
incoming electron energy, and the sum runs over the two highest jets within 
the acceptance. At leading order = 1 for direct processes and < 

1 for resolved processes. However, 2 ;®^^ is well defined theoretically to any order 
of perturbation theory (provided, of course, that the jet-finding algorithm is 
well-behaved). Therefore, a quantitative confrontation of a measurement of a 
“direct” or “resolved” photoproduction cross section with a pQCD calculation 
can be made provided the separation between the direct and resolved regions is 
made in terms of 

In Figure 2 a measured 2 ;®®® distribution is shown for photoproduction 
events containing two jets of > 11, 14 GeV within — 1 < 77 ^®^ < 2 in 

the IIERA lab frame [6]. The data show a peak at high 2 ;®^® values with a broad 
tail extending to 27 ®®^ ~ 0. The data are compared with the predictions of two 
parton shower Monte Carlo programs, HERWIG 5.9 [7,8] and PYTHIA 5.7 [9,10]. 
The Monte Carlo calculations implement the QCD matrix elements at leading 
order only. The effect of higher order processes is approximated through initial 
and final-state parton showers. The programs differ in the choice of evolution 
variable for the parton shower calculation and also in the technique chosen to 
convert the final partonic configuration into colourless hadrons. Both are able 
to provide a good description of the 2 ;®®® distribution. The distribution of 
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Fig. 2. The spectrum for events with > 11,14 GeV, compared to the 

HERWIG 5.9 and the PYTHIA 5.7 Monte Carlo predictions. The direct component 
from the HERWIG Monte Carlo is shown separately as the shaded histogram. Only 
statistical uncertainties are plotted 



the HERWIG events with LO direct photoproduction subprocesses is shown 
separately as the shaded histogram. The parton showering and hadronizaton 
phases smear the values such that this distribution is peaked just below 

one and can extend to the lowest available values. Nevertheless it is plain 

to see that a sample of events with > 0.75 is essentially of the direct 

photoproduction type. ZEUS and HI have published several papers in which 
direct and resolved photoproduction regions are defined based on the 
observable [4,6,11-19] 

An important confirmation of the presence of the direct and resolved con- 
tributions to photoproduction was provided by the ZEUS measurement of dijet 
scattering angles [13]. A two jet final state can be completely specified in its 
centre-of-mass frame (up to an arbitrary azimuthal rotation) by the dijet in- 
variant mass, M2J, and the dijet scattering angle, ■d* . Direct photoproduction 
processes should proceed predominantly through quark exchange (the diagram 
shown at leading order in Figure 1(a)). As the exchanged parton is of spin 1/2, at 
leading order the dijet scattering angle is distributed according to 1/(1 — | cos r?* j). 
In contrast, resolved processes are dominated by the exchange of the integer spin 
gluon which gives rise to the steeper angular dependence, 1/(1 — | cos ?9*|)^. ZEUS 
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observed a steeper angular dependence for the events with < 0.75 than 

for those with a;®®® > 0.75, as shown in Figure 3. 



ZEUS 1994 




Fig. 3. dcr/dj cos !?*| normalized to one at cos = 0 for < 0.75 [black dots) and 
> 0.75 [open circles) photoproduction. In (a), the ZEUS data are compared to 
NLO predictions [solid line) and LO predictions [broken line). In (b), the broken line is 
the PYTHIA distribution and solid line is the HERWIG distribution. The inner error 
bars are the statistical errors, the outer error bars are the sum in quadrature of the 
statistical and systematic uncertainties 



This is a compelling observation. An invariant mass cut of M 2 J > 23 GeV 
has been applied to ensure that the > 6 GeV requirement does not bias 
the angular distribution. Moreover, the dijet scattering angle is defined in the 
centre-of-mass frame of the two jets so the fact that the lower events 

are boosted more in the proton direction is not responsible for the differences 
observed in the cos distributions. The different cosi?* distributions for the 
high and low a;®®® samples are therefore an unambiguous demonstration of the 
differing underlying QCD subprocess dynamics. There is a greater contribution 
from gluon exchange processes contribnting to the < 0.75 sample, than 

there is contributing to the > 0.75 sample. This is consistent with the 

expectation that more resolved photon processes contribute to the < 0.75 

sample. 

Thus it has been established that both direct and resolved processes con- 
tribute to photoproduction at HERA. The study of these processes is now pro- 
viding a fruitful forum for the investigation of strong interactions. Photopro- 
duction processes access the physics involved in the structures of the photon 
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and proton, in the dynamics of hard subprocesses, and in the fragmentation and 
hadronization of the final state partons. 

The structure of the photon is probed in deep inelastic 67 experiments at 
£■*■ 6 “ colliders in just the same way as the structure of the proton is probed in ep 
interactions at HERA. These measurements of the photon’s structure function, 
F 2 , constrain the quark densities at intermediate probing energy scales. However, 
the gluon density is not directly constrained in these experiments, nor do the 
quark density constraints extend to the high energy scale region accessible at 
HERA. It is in these two areas that the HERA experiments have concentrated 
their efforts. 

Phenomenological ansatze for the parton densities of the photon exist. These 
generally involve the assumption that at low probing virtualities, the photon 
undergoes a quantum fluctuation into a vector meson or an unbound qq state 
and this provides the photon’s structure. A DGLAP evolution is then invoked in 
order to evolve the parton densities to arbitrary scale, using the £7 data as a 
constraint. Thus, studies of photoproduction sensitive to the photon’s structure 
test fundamental physical assumptions, in addition to providing a means to 
investigate the universality of photon structure data obtained through different 
processes. In sections 2 and 3 the latest results from HI and ZEUS pertaining 
to the structure of the photon are presented. 

Perturbative QCD governs the behaviour of the partons emerging from the 
hard subprocess. As the distribution of the jets of hadrons in the final state 
bears a close correspondence to the distribution of the underlying partons, mea- 
surements may be designed which are sensitive to the subprocess dynamics. 
The differing dijet angular distributions for direct and resolved photoproduction 
have already been discussed. As the available luminosity delivered by HERA 
has increased, it has become possible to look for unusual dynamical signatures 
in high dijet processes, and also to investigate the underlying mechanism 
of three jet production. Studies of the matrix element dynamics are presented 
in section 4. 

Our knowledge is limited about the physics of hadronization, whereby the 
partons resulting from a collision are converted to colourless hadrons by the 
inexorable confinement force of QCD. The hadronization occurs at low momen- 
tum transfers where the QCD coupling is much too strong for a perturbative 
expansion to be relevant. However, there are experimental results which have 
provided some information about this interesting area of physics. For instance, a 
universality of the hadronization of quarks is supported by the measurements of 
jet shapes in ep and e+e~ collisions [20]. Recently, a procedure for measuring jet 
structure in hadronic collisions has been proposed which is valid for an all-orders 
calculation in perturbative QCD [21]. In this way, a well-defined comparison of 
theory and data can be undertaken which begins well within the regime where a 
perturbative approach should be valid and then approaches the mysterious realm 
of the very strong hadron producing force. A measurement of jet substructure 
using this algorithm is presented in Section 5. 
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2 Real Photon Structure 

A measurement which is sensitive to the gluon density of the photon has been 
made by the HI collaboration [22]. The gluonic component of the photon dom- 
inates at low x~^. Therefore the events must be selected keeping as low 

as possible and allowing to extend as far forward into the incoming pro- 
ton direction as possible. This is a difficult kinematic region experimentally, as 
the energy-scale uncertainty and angular resolution of the calorimeter are worst 
here. There are also theoretical limitations as the contribution from events in 
which there is a secondary scatter, and the smearing between a partonic and 
hadronic distribution, increase as lowers. Nevertheless it has been possible 
to make the measurement with sufficient precision to illustrate the sensitivity of 
the data to the distribution of gluons in the photon. Figure 4 shows ^ 

for events containing two jets of > 6 GeV within —0.5 < < 2.5. The 

data are compared with the predictions of the leading order plus parton shower 
Monte Carlo program PHOJET [23,24] where the predictions including and ne- 
glecting the gluons in the photon are shown separately. Although there is a large 
systematic uncertainty affecting the measurement, within the PHOJET model 



PTj,T> 6 GeV, -0.5 < < 2.5, h,-Tl 2 | < 1 , 0.5 < y < 0.7 




Fig. 4. Dijet cross section in photproduction as a function of The data are com- 
pared to the prediction of PHOJET. The direct photon prediction, and the resolved 
photon predictions for either quarks are gluons, are shown separately 



^ is essentially the same quantity as has been called 




240 



Laurel Sinclair for the ZEUS and HI Collaborations 



a significant gluonic contribution at low a;:!,®*'® is required by the data assuming 
the GRV-LO [25,26] parton densities for the photon and proton. 

HI have gone on to subtract the influence of secondary parton scattering 
and unfold the data to a leading order effective parton density, using the Monte 
Carlo model. From this the modelled quark density has been subtracted to yield 
the gluon density as a function of x.^ where now refers to the fraction of the 
momentum of the photon which enters the leading order hard subprocess. This 
is necessarily a model dependent result; however it can serve to provide insight 
into photon structure. HI finds that the gluon density rises as x-y decreases. 

The ZEUS analysis of photon structure has concentrated on limiting the data 
to that kinematic regime in which perturbative QCD should be applicable, with- 
out the need for additional model parameters. Dijet events have been selected 
with ^ 14 QeV within —1 < 77 ^®*' < 2 [ 6 ]. The distribution 

for this selection is shown in Figure 2. The PYTHIA and HERWIG predictions 
which are compared with the data in this figure contain no simulation of soft 
underlying events or of secondary parton scatterings and provide a good de- 
scription of the data. Also, studies have indicated that hadronization effects in 
this kinematic regime should be small, at most around 10%. Therefore a strong 
interpretation of this data within perturbative QCD can be made. 

In Figure 5 the cross section for the ^ H ^14 GeV selection, 

da/drj^^^ , is shown in bins of 772 *^*. The kinematic region is restricted to a narrow 
y range, in order to improve the sensitivity to the photon’s structure. The cross 
section is shown separately for > 0.75, indicating that the direct process 

dominates when the jets tend toward the incoming photon direction. NLO per- 
turbative QCD predictions with the three available photon parton parametriza- 
tions [25,27-29] are compared with the data in this figure. (Note that the cal- 
culations have been checked by several different groups of theorists as reported 
in [30].) The predictions underestimate the data in the central rapidity region 
where experimental and theoretical uncertainties are expected to be particularly 
small. As previously mentioned, the parton density of the photon is not well con- 
strained by 67 data at these high energy scales. Therefore it is expected that the 
parton density of the photon may be underestimated in this kinematic regime 
in the currently available parton density functions of the photon. 

In another interesting analysis by HI the photon remnant jet has been tagged 
in low x:?y^*' events by running a clustering algorithm, requiring exactly four jets in 
the event and defining the photon remnant jet as that jet closest to the incoming 
photon direction [31]. The £ 7 , of the remnant jet was found to be correlated with 

the Eip of the highest transverse energy jets. This points to the presence of the 
anomalous component of the photon’s structure whereby the struck parton arises 
from a qq splitting of the photon rather than as a constituent of a fluctuation into 
a vector meson. The “remnant jet” can then, as in Figure 1(b), be viewed instead 
as one of the outgoing partons from a next-to-leading order hard subprocess. 

Another promising process for constraining the parton density of the photon 
is prompt photon production, in which an outgoing quark from the hard subpro- 




(qd) ^Up/op (qd) ^Up/op 
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Figures a), b) and c)i Figure d): 

• ZEUS 1995 O ZEUS 1995, C> 0,75 HARRIS et al„ GRV-HO 

NLO-QCD, GRV-HO NLO-QCO, GRV-HO, x;“>0.75 KLASEN et al„ GRV-HO 

NLO-QCD, AFG-HO NLO-QCD, AFG-HO, xf >0.75 FRIXIONE et ai„ GRV-HO 

NLO-QCD, GS96-HO NLO-QCD, GS96-HO, x;“>0.75 



Fig. 5. Figures (a), (b) and (c) show the dijet cross section as a function of rff'" in bins 
of The filled circles correspond to the entire range while the open circles 

correspond to events with > 0.75. The shaded band indicates the uncertainty 

related to the energy scale. The thick error bar indicates the statistical uncertainty 
and the thin error bar indicates the systematic and statistical uncertainties added in 
quadrature. The full, dotted and dashed curves correspond to NLO-QCD calculations, 
using the GRV-HO, GS96-HO and the AFG-HO parameterizations for the photon 
structure, respectively. In (d) the NLO-QCD results for the cross section when 0 < 
77 I'* < 1 and for a particular parameterization of the photon structure are compared 



cess is balanced not by a gluon, but by a photon (see [30] for a complete discussion 
of the contributing diagrams). ZEUS has published a measurement of the cross 
section for prompt photon production in association with a jet [32]. A more in- 
clusive measurement, whereby only the prompt photon is tagged without the jet 
requirement, is free of complications due to the matching of the jet definition 
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in theory and experiment and relatively free of hadronization corrections. This 
then, like high Ej, production, is an area in which a strong interpretation can 
be made from the comparision of the data with the predictions of perturbative 
QCD. Of course the cross section for prompt photon production is suppressed 
with respect to jet production due to the smallness of the electromagnetic cou- 
pling constant and currently the statistics are limited. Nevertheless the technique 
of prompt photon identification has been refined and a first comparison with the 
theory indicates a rough agreement [30]. 

3 Virtual Photon Structure 

It is expected that as the virtuality of the incoming photon increases, less 
time will be available for it to develop a complex hadronic structure. To test 
this assumption, HI has measured the dijet triple differential cross section, 
daep/{dQ^dEt '^ where Et is the average jet transverse energy and 
is the negative of the square of the momentum transfer at the scattered lepton 
vertex [14]. The cross section is presented in Figure 6 as a function of in 
bins of Et in the range 30 < .Et < 300 GeV^ and in bins of in the range 
1.6 < <5^ < 25 GeV^. The data are concentrated near = 1 with a small 
tail to lower values. Compared with the data are predictions from the HERWIG 

model, where the events with a leading order direct snbprocess are shown sep- 

- 2 

arately by the shaded histogram. Looking at fixed Et , there is clear evidence 
for the expected suppression of the resolved processes as increases. However, 
wherever Et <5^, the direct processes alone are insufficient to account for the 
low 3?-^ ® events. Thus there is evidence for resolved photon processes, even well 
into the deep inelastic scattering regime, % GeV^. 

HI have extended the analysis in their publication [14] and unfolded the data 
to a leading order effective parton density, /gfj- = Yld’ (9i+9i) + 15; relying on the 
Monte Carlo simulation to correct the data for hadronization and higher order 
effects. The behaviour of this parton density is consistent with a logarithmic rise 
with the probing resolution, , where Pt is the transverse momentum of the 
two outgoing partons at leading order. This is in contrast with the approximate 
scaling behaviour which has been observed for hadrons and reflects the presence 
of the anomalous, or qq splitting term, unique to the structure of the photon. 

The effective parton density is also found to exhibit a dependence on the 
photon’s virtuality which is consistent with the expected logarithmic sup- 
pression implemented in the existing virtual photon parton density functions. 
Incorporating an earlier measurement of /gfj at = 0 with these data, a drop 
in /gff with is indicated. (To compare the earlier measurement with this one 
the data have been evolved using the GRV LO parton densities to the same P^ 
and range.) 

The ZEUS collaboration has measured the dijet cross section da/dx^^'^ for 
jets of E^r^^ > 5.5 GeV in the three different photon virtuality ranges ~ 0 
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Fig. 6. The differential dijet cross section d(Tepl {dQ^dEt ^ shown as a function of 
for different regions of Et and . The scale factors applied to the cross sections 
are indicated. The error bar shows the quadratic sum of systematic and statistical 
errors. Also shown is the HERWIG model where the direct component is shown as the 
shaded histogram 



(Q2 < 1 GeV^), 0.1 < < 0.55 GeV^ and 1.5 < < 4.5 GeV^ [33]. This 

measurement is complementary to the HI analysis in that the ~ 0 data are 
analyzed together with the deep inelastic data at 1.5 < < 4.5 GeV^ in a 

consistent way. Also, making use of an auxiliary small angle electron tagger, the 
ZEUS measurement includes data in the important transition region between 
photoproduction and deep inelastic scattering, 0.1 < < 0.55 GeV^. From 

the da/dx^^^ measurements, similar conclusions can be drawn as in the HI 
analysis: the population of the distribution is suppressed at low values as 
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increases yet there is evidence for a resolved component of the photon even 
in the deep inelastic scattering regime, > 1.5 GeV^. 

In order to make a precise statement concerning the evolution of the virtual 
photon parton densities with ZEUS has measured the ratio of the dijet cross 
section for < 0.75 to that for > 0.75 in bins of [33]. The result 

is shown in Figure 7. The ratio of resolved to direct cross sections is found to 
fall with Q^. In comparison, this ratio within the HERWIG model is flat for a 

ZEUS PR£UM(NARV 1995 




(f (GeV^) 



Fig. 7. The ratio of dijet cross sections, cr(x°^^ < 0.75)/cr(a:°'^^) > 0.75), as a func- 
tion of photon virtuality, Q^. The inner error bar represents the statistical error and 
the outer the statistical and systematic uncertainties added in quadrature. The band 
represents the systematic uncertainty due to the jet energy scale. Also shown are the 
predictions of HERWIG for two different choices for photon parton densities: GRV for 
real photons (full line) and SaS ID (dashed line) which includes a suppression of the 
photon parton density with increasing photon virtuality. The LEPTO predictions are 
shown for > 1.5 GeV^ (dot-dashed line) 

photon parton density which does not fall with (GRV LO) and falling for 
a photon parton density which does (SaS ID [34]). Therefore the data indicate 
that the photon parton density is suppressed with in this LO description. 
Furthermore, as Q'^ increases the data tend toward a leading order prediction 
which does not include any resolved photon contribution (Lepto 6.5.1 [35]). 
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4 QCD Matrix Elements 

The influence of the dominant QCD subprocesses on dijet angular distributions 
for events with M2J > 23 GeV has been observed, as already discussed. As the 
integrated luminosity delivered by HERA continues to increase, it is important 
to re-measure these distributions in the newly accessible kinematic regimes, in 
order to check for new contributing processes to dijet production. Using the 1995 
to 1997 integrated dataset ZEUS has measured the M2J and cos)?* distributions 
in the kinematic regime M2J > 47 GeV and | cosi?*! <0.8 [36]. The measurement 
extends to a dijet invariant mass of M2J ~ 140 GeV, and the mass and angular 
distributions are well described by the predictions of perturbative QCD. 

For three massless jets, five quantities are necessary to define the system. 
These are defined in terms of the energies, E,, and momentum three- vectors, pi, 
of the jets in the three-jet centre-of-mass frame and pb , the beam direction. They 
are the three-jet invariant mass, Msj; the energy-sharing quantities X3 and X4, 
Xi = 2Ei/ Mzi\ the cosine of the scattering angle of the highest energy jet with 
respect to the beam, cos da = pB • Pa/dps | IpsI); and ips, the angle between the 
plane containing the highest energy jet and the beam and the plane containing 
the three jets, cos ^3 = (pa x ps) ■ (p4 x P5)/(|P3 x ps||p4 X p^\), where the 
jets are numbered, 3, 4 and 5 in order of decreasing energy. ZEUS has measured 
the three-jet cross section in the kinematic regime defined by M3J > 50 GeV, 

I cosdal < 0.8 and X3 < 0.95 [37]. (In fact, the events have been further required 
to have at least two jets with E^^^ > 6 GeV and a third jet with E^^^ > 5 GeV, 

however these cuts are largely irrelevant because high E^^^ values are forced by 
the energy and angular cuts.) The measured cross section is well described by 
0(aa"^) perturbative QCD calculations both in normalization and in the shapes 
of the M3J, Xi, cos i?3 and tps distributions. 

The measured angular distributions are of particular interest since they differ 
markedly from the expectation for three jets distributed evenly over the available 
phase space, and are therefore sensitive to the underlying physical dynamics. 
The cos i?3 distribution, since it is primarily determined by the distribution of 
the highest energy jet, is similar in three jet production to the distribution of 
cos??* in two jet production. However, ^3 is determined by the orientation of the 
third, or softest, jet. For orientations in which the third jet is radiated close to 
the plane defined by the highest energy jet and the beam, '^/>3 ~ 0 or it. The data 
are shown in Figure 8. They indicate that configurations in which the third jet 
is far from the plane containing the highest energy jet and the beam (^3 ~ tt/2) 
are suppressed. The dip at ^3 = 0 and tt is caused by a loss of phase space at low 
angles due to the Eip > 5 GeV requirement. Taking this into consideration, 
the data indicate a strong tendency for the three-jet plane to lie close to the 
plane containing the highest energy jet and the beam. 

To aid in the development of a mental picture for three jet production, the 
data have been compared to the predictions of the PYTHIA and HERWIG 
models. The hard subprocess is included only at leading order in these models 
so three-jet events arise from the parton shower phase of the simulation. Parton 
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Fig. 8. The area-normalized distribution of tps. The inner error bar shows the statistical 
error and the outer error bar shows the quadratic sum of the statistical and systematic 
uncertainties. The solid histogram shows the default PYTHIA prediction. The dashed 
and dot-dashed histograms show the predictions of HERWIG and of PYTHIA with 
colour coherence switched off 



showers do a remarkably good job of simulating three-jet production as is evident 
from the agreement of the models with the data in the ^3 distribution. Within 
the PYTHIA model it is possible to switch off the simulation of QCD colour 
coherence. With no simulation of coherence, PYTHIA predicts a relatively uni- 
form population of the ip3 distribution, as shown in Figure 8 . Colour coherence 
in the parton shower model is required to describe the observed suppression of 
large angle radiation. 

5 Jet Substructure 

The kx jet-finding algorithm [38,39] clusters objects into jets based on a distance 
parameter which is essentially their relative transverse momentum. Subjets may 
be defined within jets by applying the kx algorithm to the particles of the jet and 
counting the subjets as a function of the resolution parameter, ?/cut- For large 
values of j/j-ut there is only one subjet, the jet itself, but as y^-ut decreases more 
and more subjets are resolved until the subjet multiplicity equals the multiplicity 
of particles within the jet. 

The dependence of the average number of subjets, on has 

been measured by the ZEUS collaboration for an inclusive sample of jets with 
> 15 GeV [40]. Both the HERWIG and PYTHIA models provide a good 
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description of the evolution of (Usubjet) with j/cut- Measurements of (wgubjet) 
for = 0.01 have been performed in four different jet pseudorapidity regions, 
as presented in Figure 9. The average number of subjets increases as the jets 
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Fig. 9. The mean subjet multiplicity at a fixed value of = 0.01 as a function of rf . 
The error bars show the statistical and systematic uncertainties added in quadrature. 
For comparison, the predictions of PYTHIA including resolved plus direct processes 
for quark jets [thick dashed line), gluon jets [thick dotted line), and all jets [thick solid 
line) are shown. The predictions of HERWIG are displayed with thin lines 



move toward the incoming proton direction. This behaviour is well described 
by the PYTFIIA and HERWIG models. In the models the dominant leading 
order direct process is jg — l qq while the dominant resolved process is qg — > qg. 
Therefore, relatively more gluon jets are expected for the more forward boosted 
resolved photon processes. Moreover, the gluon in the qg — )• qg subprocess has a 
tendency to be the more forward parton, further increasing the gluonic content 
of forward jets. The fundamental expectation of QCD that gluons, which have a 
higher colour charge than quarks, should yield a higher multiplicity of hadrons, 
is borne out in the models by a higher average subjet multiplicity for gluon jets 
than for quark jets. Thus the increase of (ngubjet) with may be understood 
to arise from an increasing admixture of gluon jets in the forward direction. We 
look forward to an eventual comparison of this data with perturbative QCD 
calculations. 
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6 Summary 

Hard photoproduction events have been used in a variety of analyses in order to 
further the understanding of the physics of strong interactions. From studies of 
the structure of the real photon it has been shown that in a leading order inter- 
pretation of the data the gluon density rises as the momentum fraction of the 
photon accessed in the hard subprocess decreases. There is also an indication that 
the quark densities of the real photon may be underestimated at high momentum 
fractions and for high values of the probing energy scale. A global fit of ej and jp 
measurements should be undertaken to discover whether a parton density can be 
found which describes all the data. Studies of the structure of the virtual photon 
have illustrated the expected suppression in the photon’s structure as its life- 
time decreases. Measurements sensitive to the underlying QCD dynamics have 
shown that O(aa^) perturbative QCD matrix elements, and models with O(aofj) 
matrix elements together with parton showers, are successful in explaining the 
mechanisms of high mass dijet and three-jet production. A measurement of jet 
substructure has shown the sensitivity of jets produced in hard photoproduc- 
tion processes to quark and gluon jet differences and revealed their potential to 
provide insight into the physics of hadronization. Results from photoproduction 
at HERA have progressed from simple manifestations of the photon’s hadronic 
structure, to detailed investigations of that structure and of QCD in general. 
As the yearly luminosity deliverable by HERA continues to increase, and as the 
dialogue between theorists and experimentalists is continuously strengthened, 
one may look forward to an even greater variety and quality of physics result to 
emerge from the investigation of hard photoproduction at HERA. 
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Abstract. We give a pedagogical introduction to hard photoproduction processes at 
HERA, including the production of jets, hadrons, md prompt photons. Recent theo- 
retical developments in the three areas are reviewed. 



1 Introduction 



Electron-proton scattering at HERA proceeds dominantly through the exchange 
of a single photon with small virtuality Q ~ 0. In this photoproduction limit and 
in the presence of a hard factorization scale M-y^p, the electron-proton scattering 
cross section can be decomposed into 
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is proportional to the electromagnetic coupling constant a. Since the photon 
virtuality is small, the spectrum can be calculated explicitly by exploiting current 
conservation and integrating over the unobserved azimuthal angle of the outgoing 
electron and over the virtuality of the photon. = mgj/^/(l — y) depends on 
the electron mass me and the longitudinal momentum fraction y of the photon in 
the electron. = E^{l-y)9'^ is determined experimentally from the incoming 

electron beam energy Eg, the momentum fraction y, and the scattering angle of 
the outgoing electron 0. 

From deep inelastic scattering (DIS) experiments of virtual photons off pro- 
tons it is well known that the proton has point-like constituents, quarks q and 
gluons g, also called partons. As the photon virtuality decreases, the photon 
itself begins to fluctuate into quark-antiquark [qq] pairs, which in turn evolve 
into a vector meson-like structure. At HERA, an almost real photon radiated 
from the electron can thus interact either directly with the partons in the proton 
(direct component) or act as a hadronic source of partons which collide with the 
partons in the proton (resolved component). In the latter case, one does not test 
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the proton structure alone but also the photon structure. Unfortunately, both 
the photon and the proton structure cannot be calculated theoretically, but have 
to be determined experimentally. 

Before HERA started taking data, information on the parton densities in 
the photon came almost exclusively from deep inelastic 7*7 scattering at 
e'*'e“ colliders. Whereas the singlet quark densities can be well constrained in 
this process, it is difficult to obtain information on the gluon density, which 
is suppressed relative to the quark densities by the strong coupling constant 
Oj. The gluon density can, however, be constrained from hard photoproduction 
processes at HERA if the direct contribution is suppressed by measuring the 
production of jets, hadrons, or prompt photons at low transverse energies Ex- 
This constitutes an important goal in studies of hard photoproduction. 

Among the parton densities in the proton the quark densities and the 

gluon density at low Xp are rather well known today from DIS experiments. Of 
particular interest in photoproduction is the gluon distribution in the proton at 
large Xp. There, the experimental information from high-R'y jet and prompt pho- 
ton production in hadron collisions is inconclusive and has considerable potential 
for improvement from lepton pair production in hadron collisions and from high- 
Et photoproduction processes. At large Et, the direct photoproduction process 
dominates and uncertainties from the photon structure are suppressed. 

In the presence of a hard renormalization scale p ~ Et, as(/U^) becomes 
small and the partonic cross section 

+ ... (3) 

for the scattering of two partons a and b, which can be quarks, gluons, and - 
in the photon case - also photons, into jets, hadrons, and prompt photons can 
be calculated in perturbative quantum chromodynamics (QCD). Testing these 
predictions constitutes a third goal for photoproduction experiments. 

Typical leading order (LO) QCD diagrams for the direct and resolved pho- 
toproduction of jets are shown in the first line of Fig. 1. Next-to-leading order 
(NLO) QCD corrections to these graphs arise from virtual loop and real emission 
diagrams and have been calculated in [1]. The direct and resolved partonic pro- 
cesses are of 0{aag) and 0{a'^), respectively. Since the parton densities in the 
photon are of 0{a/as) in the asymptotic limit of large M^, both processes con- 
tribute at 0{aas ) . In addition to the goals of photoproduction studies mentioned 
above, the observation of jets also permits to test and improve jet algorithms 
of both the cone and cluster types and to study jet profiles and the internal jet 
structure. 

The LO partonic QCD diagrams for photoproduction of hadrons (second line 
in Fig. 1) are identical to those for the photoproduction of jets, and the NLO 
corrections for inclusive hadron production have been calculated in [2]. However, 
in this case the hadronic cross section 
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Fig. 1. Typical leading order QCD diagrams for the direct cind resolved photoproduc- 
tion of jets, hadrons, and prompt photons by order of the partonic scattering process. 
The 0[a^) process is only present for the photoproduction of prompt photons 



is obtained from the partonic cross section d<Tab^c by convoluting it with a 
fragmentation function Dc/h ■ Like parton distribution functions, fragmentation 
functions cannot be derived from first principles, and photoproduction of hadrons 
at HERA offers the additional possibility to test hadron fragmentation functions 
obtained, e.g., in fits to data from e+e" colliders. 

Like initial state photons, final state (prompt) photons couple to the hard 
partonic scattering process either directly or through their partonic constituents. 
The direct (lower left diagram in Fig. 1), single-resolved (center), and double- 
resolved (right) prompt photon processes contribute at different orders of the 
hard scattering process, but eventually the photon structure and fragmentation 
functions compensate for these differences so that all three subprocess types are 
effectively oiO{a^). Comparable to hadron fragmentation functions, the partonic 
content of final state photons is described by a photon fragmentation function 
Dci~j. Photoproduction of isolated photons and photons in association with jets 
has been calculated in NLO QCD in [3]. Since prompt photon production is 
a purely electromagnetic process in LO, its cross section is smaller than the 
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inclusive jet and hadron cross sections, and data from HI and ZEUS have only 
recently become available. 

2 Jets 

At the first Ringberg workshop on “New Trends in HERA Physics” in 1997, 
photoproduction of jets had already been studied for five years. Several NLO 
single jet and the first NLO dijet calculations had been compared to data from 
■’ HI and ZEUS [4]. Studies of jet cross sections [5] and jet shapes [6] had demon- 
strated that the commonly used Snowmass jet cone algorithm [7] suffered from 
theoretical (double counting, parton distance) and experimental (seed finding, 
jet overlap) ambiguities, which could only be resolved by the introduction of a 
phenomenological parton distance parameter Rsep hi addition to the cone size 
parameter R. 

These ambiguities were found to be absent in the fc^-clustering algorithm 
in the inclusive mode [8], which has been used by the HERA experiments since 
then. It combines two hadronic clusters i and j if their distance 

dij = min(i?y E'^ j)[[r)i — r]j)'^ -f- (i^,- — 4>jY]/ (5) 

is smaller than i?|,. The parameter R = \ now corresponds to the parton distance 
parameter i?sep in NLO QCD. As in the cone algorithm, the transverse energy 
Et, rapidity rj, and azimuthal angle (j) of the combined cluster are calculated 
from the transverse energy weighted sums of the two pre-clusters. 

Three different NLO dijet calculations have recently been compared to ZEUS 
dijet data (see contribution by L. Sinclair to these proceedings) [9]. The defi- 
nition of the ZEUS dijet cross section has also served as a basis to compare 
the theoretical predictions among themselves [10]. As can be seen in Fig. 2, the 
NLO transverse energy distributions agree with each other within the statistical 
accuracy of the Monte Carlo integration, which is about ±1% at low Et for the 
full y range and ±2% for the high y range. 

NLO dijet calculations involve the calculation of one-loop 2 — J 2 and tree- 
level 2 — J- 3 scattering matrix elements. The latter are then integrated over soft 
and collinear regions of phase space in order to cancel the infrared divergences 
arising from the virtual corrections. If used in their original, unintegrated form, 
the 2 — > 3 matrix elements can also be used for LO predictions of three jet 
cross sections. I’he three NLO dijet predictions mentioned above have also been 
applied to LO three jet cross sections and found to agree with each other [10]. 
ZEUS have measured the photoproduction of three jets with transverse energies 
larger than 6 GeV (two highest jets) and 5 GeV (third jet) and rapidities |?y| < 2.4 
[11]. Fig. 3 shows that the total theoretical prediction (full curve) describes the 
data well in shape and normalization [12]. The agreement in normalization is, 
however, to some degree coincidental since there is still an uncertainty of a 
factor of two from the variation of the scales y, = M-y = Mp £ [0.5; 2.0] x 
max(£' 7 ’ 1 , Et, 2 , Et/s) (shaded band). In these LO QCD predictions every parton 
corresponds to a jet, but a jet definition still has to be implemented for the 
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Fig. 2. Comparison of three theoretical predictions for the NLO dijet cross section as 
a function of the transverse energy Et of the leading jet for the full (left) and high 
(right) y range. Both jets lie in a central rapidity range 0 < yi , 2 <1 



condition that two partons cannot come closer too each other than permitted 
by the jet algorithm. 

HI have recently analyzed the production of dijets with transverse momen- 
tum pt > 4 and 6 GeV, dijet mass M 2 _jet > 12 GeV, rapidities —0.5 < 771,2 < 
2.5, |? 7 i — 772 ! < 1, and photon energy fraction 0.5 < 7 / < 0.7 as a function of the 
variable 



2 

i — 1 



This variable can be determined from the two observed jets and is, in LO QCD, 
directly related to the momentum fraction of the parton in the photon. HI have 
used this measurement of the dijet cross section to extract the gluon density in 
the photon with the result shown in Fig. 4. The 1996 data [13] are consistent 
with older HI charged track [14] and jet [15] measurements. They agree very well 
with the GRV parametrization [16], but rule out both the LACl [17] and LAG 
parametrizations [18] of the gluon density. The systematic (outer) error bars 
include theoretical uncertainties coming from the variation of different Monte 
Carlo models, parton densities in the proton, and quark densities in the photon. 




256 



Michael Klasen 




Fig. 4. HI extraction of the gluon density in the photon from 1996 dijet data [13], 
1994 charged track data [14], and 1993 dijet data [15]. The data are consistent with 
each other and with LO GRV parametrization [16]. The 1996 data rule out both the 
LACl [17] and LAG [18] gluon parametrizations 

3 Hadrons 

The transformation of quarks and gluons into hadronic final states can be de- 
scribed globally by jet definitions. More detailed experimental information about 
the hadronization process can be obtained in the production of single hadrons, 
which is described theoretically by fragmentation functions. Prior to the last 
Ringberg HERA workshop, several new NLO QCD fits of fragmentations func- 
tions for charged pions, charged kaons, and neutral kaons to e+e“ data from 
TPC, ALEPH, and Mark II had been performed. They had been applied to a 
NLO QCD calculation for photoproduction and successfully been compared to 
HERA data [19]. Since then, fragmentation functions for heavy particles, such 
as D*^ and B mesons, have been fitted to ALEPH and OPAL data, and they 
also compare favorably to HERA data (see contribution by G. Kramer to these 
proceedings). A new fit of charged pion, charged kaon, and proton fragmentation 
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functions, separately for light flavors, heavy flavors, and gluons, to new LEP and 
SLC data is currently in progress [20]. 

In Fig. 5 we compare NLO QCD predictions for the rapidity distribution 




Fig. 5. Differential cross section for the photoproduction of charged hadrons as a func- 
tion of rapidity for two different transverse momentum cuts. Recent HI data [14] are 
compared to NLO QCD predictions [21] with three different scale choices 



of charged hadrons [21] to recent HI data [14]. Good agreement is found for 
the GRV parton densities in the photon [16] and the proton [22] and a central 
scale choice of fj, = Mj = Mp = pT, but the theoretical scale uncertainty in NLO 
QCD is still considerable. It is worth noting that in inclusive hadron production, 
perturbative QCD works remarkably well down to very low transverse momenta 
of pt > 2 or 3 GeV. There is no excess in the forward ij region as observed in 
jet photoproduction. Thus, inclusive hadron production offers the potential to 
extract the gluon density in the photon in low-pr (and therefore low-a;-,) cross 
section measurements. 

It is also interesting to check the universality of fragmentation functions and 
the factorization theorem in photoproduction experiments. In Fig. 6 we show 
a recent ZEUS fragmentation function measurement for charged hadrons [23], 
measured in photoproduced jets with Et > 8 GeV, jjy] < 0.5, and R = 1, which 
agrees nicely with the NLO QCD fit to e+e“ data [21]. The error band in the 
NLO QCD fit comes from a variation of the fragmenting quark flavor, which is 
unknown in the ZEUS analysis. 

4 Prompt Photons 

Prompt photon production was not discussed at the 1997 Ringberg HERA work- 
shop - it had yet to be observed. Only recently have HI and ZEUS reported 
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Fig. 6. Fragmentation function of charged particles as a function of their longitudinal 
momentum fraction. The ZEUS data [23] for particles within photoproduced jets are 
compared to a NLO fit to e"''e“ data [21] 



results on this process [24,25] and have two NLO QCD calculations for isolated 
photon production and for the production of a photon in association with a jet 
become available [3,26], These two calculations differ in their powercounting of 
the strong coupling constant and in their consideration of higher-order correc- 
tions. To illustrate this, we have listed in Fig. 7 the direct, single- resolved, and 
double-resolved diagrams for photoproduction of prompt photons. The single- 
resolved process includes either photon structure or photon fragmentation con- 
tributions, whereas in the double-resolved case the initial and final state photons 
contribute both through their partonic constituents. Gordon counts the photon 
structure and fragmentation functions as 0(a/as) from considering the asymp- 
totic limit and calculates the NLO corrections to all three types of subprocesses. 
Krawczyk et al. count the photon structure as 0{a), calculate the NLO cor- 
rections only to the direct process, and in addition take into account the box 
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Fig. 7. Diagrammatic comparison of two prompt photon QCD calculations. Gordon 
calculates the NLO corrections to the direct, single-resolved, and double-resolved con- 
tributions [3], whereas Krawczyk et al. only calculate the corrections to the direct 
contribution [26]. On the other hand, Krawczyk et al. take into account the box dia- 
gram that arises at NNLO 



diagram in the last line of Fig. 7. Although the box diagram is formally of 
NNLO, it is known to have a large numerical contribution. This is demonstrated 
in Fig. 8 where we compare the calculation by Krawczyk et al. using GRV pho- 
ton [15] and proton [22] structure and photon fragmentation functions [27] to 
ZEUS data for the production of isolated photons with Et > 5 GeV [28]. With 
higher luminosity and the ensuing better accuracy of the data, prompt photon 
production at HERA will eventually provide useful tests of photon structure and 
fragmentation functions. 
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Fig. 8. Differential cross section for the photoproduction of a photon of transverse 
energy Et € [5; 10] GeV, which is isolated in a cone with radius R — \ and hadronic 
transverse energy fraction e = 0.1, as a function of rapidity. The ZEUS data [28] are 
compared to QCD predictions with and without the NNLO box diagram and with 
three and four quark flavors [26] 



5 Summary 



In summary, hard photoproduction processes can provide very useful informa- 
tion on the hadronic structure of the photon, in particular on the gluon density, 
which is complimentary to the information coming from deep inelastic photon- 
photon scattering at electron-positron colliders. Among the different hadronic 
final states, jets are most easily accessible experimentally and phenomenologi- 
cally. On the other hand, inclusive hadron production offers the possibility to 
test the universality of hadron fragmentation functions and measure the photon 
structure down to very low values of px and x^. Prompt photon production suf- 
fers from a reduced cross section and limited data, but allows for the additional 
testing of photon fragmentation functions. 
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Measurement of Open b Production at HERA 
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Abstract. HI and ZEUS have reported the first measurements of open b photoproduc- 
tion at HERA. Both experiments use semi-leptonic decays to enrich a two-jet sample 
with heavy quarks. The beauty fraction is extracted from a fit of the measured 
distribution with contributions from b, c and light quarks according to a leading order 
QCD simulation. The measured cross section for b quarks is found to be larger than 
the predictions from next-to-leading order perturbative QCD calculations. 



1 Introduction 

The production of heavy quarks at HERA is an important testing ground for 
perturbative QCD calculations, where the heavy quark mass provides a hard 
scale. The basic mechanism, in leading order, is photon-gluon fusion, where a 
photon emitted from the electron and a gluon from the proton generate a heavy 
quark- antiquark pair. The dominant contribution to the cross section is due to 
the exchange of an almost real photon, whose negative squared four-momentum 
is small. In this photoproduction regime, a second production mech- 
anism becomes important, where the photon fluctuates into a hadronic state 
which is resolved into its partonic composition in the hard collision. In next-to- 
leading order QCD, however, only the sum of direct and resolved processes is 
unambiguously defined [1]. 

Heavy quark production at HERA is dominated by charm, with a total cross 
section of about 1 )Llb. The prediction for open b production is 3.8 nb from the 
leading order AROMA [2] Monte Carlo event generator, which uses massive 
matrix elements and considers direct processes only. Predictions from next-to- 
leading order QCD calculations [3-5] are between 4.7 nb and 10 nb, depending 
on the mass of the b quark and the parton distribution functions used. 

During the years 1994 to 1997 HERA provided positron-proton collisions at 
a center of mass energy ^ = 300 GeV. In photoproduction the photon-proton 
center of mass energy is given by WQp PS \/ys, where the proton mass has been 
neglected, and the inelasticity y is given hy y = q ■ P/I ■ P, with P and I for the 
four momenta of the incoming proton and positron, respectively. 

In the analyses of both HI and ZEUS heavy quarks are identified by their 
semileptonic decays, which suppresses the light quark background. The flight 
directions of the quarks are approximated by reconstructing two jets in the final 
state. The contributions from b and c quarks are distinguished statistically by 
exploiting the effects of the higher 6 quark mass on the kinematics of the final 
state. 
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2 HI muon analysis 



The first measurerrieiil of the open b photoproduction cross section at HERA 
was reported by the HI collaboration [6]. The final analysis [7] uses a data sam- 
ple corresponding to an integrated luminosity of 6.6 pb“^ collected in 1996. The 
virtuality of the exchanged photon was restricted to the range < I GeV^ 
by requiring that no scattered positron candidate was found in the electromag- 
netic liquid argon or scintillating-fibre calorimeters. The variable y was calcu- 
lated from a combination of calorimetric and tracking information using the 
Jacquet-Blondel method [8] and was required to be in the range 0.1 < y < 0.8, 
corresponding to 95GeV< W^p < 269 GeV. The event selection required at 
least two jets in the pseudorapidity range |?j| < 2.5 with transverse energies 
Et > 6 GeV. The jets were identified using a cone algorithm with a radius 
r = < 1, where T] is the pseudorapidity and <f> is the azimuthal 

angle of the track or cluster. 

At least one muon candidate with a transverse momentum pt > ‘2 GeV /c 
had to be identified in the instrumented iron system in the polar angle range 
35° < 9 < 130°. The muon candidate had to be found within one of the jets. 
This sample contains muons from semi-leptonic decays of b and c hadrons and 
background from light quark decays and from hadrons faking a muon signature 
in the detector. A detailed and extensive Monte Carlo simulation was performed 
to determine the probability Vj^{p,6) that a hadron h = tt,K, or p produces a 
muon signature. These probabilities vary with momentum and polar angle but do 
not exceed 0.6% for pions, 2% for kaons and 0.2% for protons. They were tested 
using reconstructed decays of Kg and mesons as sources of charged pions and 
kaons in the data. Figure 1 shows the distribution of pions from Kg decays that 
produce a muon signature. It is well described, in shape and magnitude, by the 
muon fake probability for pions as obtained from the simulation. From the <p 
decays, eight kaons produced a muon signature, compared to an expectation of 
7.8. 




PuIGeV] 6|ildcgi 

Fig. 1. Pions from decays producing a muon signature in the data (symbols with 
error bars) and the expectation from the muon fake probability Vi^{p,9) (solid his- 
togram). 
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The decay of a 6 hadron releases an energy of around 3GeV and can involve 
decay particles with transverse momenta up to 2.3GeV/c relative to the b hadron 
direction. The h hadron direction was experimentally approximated by the thrust 
axis of the jet, defined as the axis which maximizes 



T = max 



\pf\ 
\Pi\ ’ 



where the sum is over all particles in the jet except the muon. The transverse 
momentum of the muon relative to the thrust axis was used to statistically 

separate 6, c and light quark contributions in the sample. The py distribution 
for the 1996 HI data is shown in figure 2. It has a maximum at about 0.7 GeV/c 
and a tail out to 4GeV/c. 

The py distribution of hadrons faking a muon signature was determined in 

shape and absolute normalization from a data sample of similar two-jet events, 
selected without the requirement of a muon candidate. The muon-fake probabili- 
ties (p, 9) were then applied to all particles in the jets, with a pion-kaon-proton 
ratio as given by the JETSET fragmentation model. The predicted background 
amounted to 25.9%. The expected shapes of the distributions for b and c 

decays were taken from the AROMA Monte Carlo and the normalizations were 
determined from a fit to the data as (50.8 ± 4.9)% for h and (22.4 ± 5.0)% for 
c, where the errors are statistical only. The sum of the three contributions is in 
good agreement with the measured distribution. 




Fig. 2. The Py rei distribution as measured by Hi (points with statistical error bars). 
The solid line is the sum of the fixed hadron background and the beauty and charm 
contributions from AROMA with normalizations from a fit to the data. 
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From the number of muons attributed to b events the cross section for open 
b production in the range < IGeV^, 0.2 < y < 0.8, py > 2GeV/c and 
35" < 0^ < 130" was determined as 

(Tvi,{ep bhX pY) = (0.176 ± 0.016 {stat.) I®;®?® (syst .) ) nb. 

This cross section contains an extrapolation to the full phase space for the two 
jets, where the AROMA Monte Carlo gives an acceptance of 42.9% for the 
requirement of two jets with Et > 6GeV. The systematic error contains contri- 
butions due to uncertainties in the muon reconstruction efficiency, the hadronic 
energy scale in the calorimeter, and the luminosity determination. The system- 
atic error due to the light quark background was determined by varying the 
fractions for pion, kaon and proton production and by using different data sam- 
ples. The analysis was also performed using the HERWIG [17] and RAPGAP [10] 
leading order Monte Carlo Generators, which also contain resolved photon con- 
tributions. The effects of fragmentation was studied by varying the parameter e 
of the Peterson fragmentation function. The variation of the cross section with 
different simulations amounts to ±7.1% and is included in the systematic error. 
The cross section predicted by AROMA in leading order and for direct pho- 
ton processes only is 0.038 nb, where a 6-quark ma.ss of 4.75GeV/c^ and the 
MRS-G [9] parton densities for the proton were used. 

The measured cross section was compared to a next-to-leading order QCD 
calculation by the authors of [11]. Their program generates a final state at the 
parton level. In order to apply the cuts on the muon that define the visible cross 
section, the fragmentation and weak decay processes had to be added [7]. The 
6-quark mass was taken as 4.75GeV/c^ and the MRS-G [9] and GRV-HO [12] 
parton densities for the proton and photon, respectively, were used. The cross 
section from the NLO QCD calculation in the kinematic range defined above 
was (0.104±0.017) nb, where the uncertainty is due to the fragmentation process 
and a variation of the renormalization and factorization scales by a factor of two 
from the default value pR — pp — yjrn^ + Pt t ■ The NLO QCD prediction for 
the open 6 visible photoproduction cross section is 2.5 standard deviations below 
the measured value, where statistical, systematic and theoretical uncertainties 
were added in quadrature. 

Nevertheless, the NLO QCD calculation [11] was used to extrapolate to the 
full kinematic phase space and to derive the total photoproduction cross section 
for 6-quarks. The total branching ratio for a muon to be produced in the decay 
chain of 6 hadrons was applied. The Weizsacker-Williams approximation was 
used to determine the equivalent flux of photons emitted by the positron. The 
average photon-proton center of mass energy is {W^p) ps 180 GeV. The measured 
cross section is 

(j( 7 p — >■ bbX) = (111 ± lot]® ± 17) nb, 

where the first and second error are the experimental statistical and systematic 
error and the third error is due to the extrapolation procedure and the uncer- 
tainty in the semileptonic branching ratio of B hadrons. The HI measurement 
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is shown in figure 3 together with the NLO QCD prediction and a measurement 
by EMC [13] at fixed target energy. 




Fig. 3. The total photoproduction cross section a{yp -> bbX). The inner error bar 
is statistical while the outer error bar includes all systematic errors as explained in 
the text. The horizontal bar indicates the range of the measurement. The solid curve 
shows the NLO QCD calculation [11] and the shaded band indicates a change in the 
factorization scale by a factor of two. The dashed line shows the NLO prediction when 
the MRST [14] instead of the MRS-G [9] parton densities for the proton are used. 



3 ZEUS electron analysis 

The ZEUS collaboration has reported a measurement of the b production cross 
section using decays into electrons [15]. The data were collected during 1996 
and 1997 when HERA was running with positrons. The integrated luminosity 
amounts to 36.9 pb“^. The kinematic range in the analysis was restricted to the 
region < 1 GeV^ and 0.2 < y < 0.8. 

The kx clustering algorithm [16] was used to reconstruct jets and at least 
two jets with > 7 GeV and > 6GeV in the pseudorapidity range 

< 2.4 were required. 

Electrons were identified by using information from the central drift cham- 
ber and the uranium-scintillator calorimeter. A transverse momentum > 
1.6GeV/c was required and the pseudorapidity was restricted to the range 
|r/® I < 1.1. The specific energy loss dE/dx in the drift chamber is about 1.4mip 
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for electrons due to the relativistic rise, while hadrons are minimum ionizing. 
Tracks were linked to calorimeter clusters, where a cluster is called electron en- 
riched if it has more than 90% of its energy deposited in the electromagnetic 
section. Conversely, a cluster is called hadron enriched if it has more than 60% 
of its energy deposited in the hadronic section. The hadron enriched sample 
contains essentially no electrons and can be used as a background sample. 

Figure 4 shows the dE/dx spectra of the electron and hadron enriched sam- 
ples. The shaded region dE/dx < 1.1 mips is used for normalization. The lower 
part of figure 4 shows the subtraction of the two samples with a clear electron sig- 
nal. A background of electrons from photon conversions in the material in front 
of the drift chamber is determined from the data and the detector simulation 
and is also shown in figure 4. 



ZEUS Preliminary 




Fig. 4. (top) The dE/dx distribution.s for the electron enriched and the hadron en- 
riched samples, normalized in the region dE/dx < l.lrhips. (bottom) The subtraction 
shows the electron signal. The background from photon conversions is indicated by the 
dashed-dotted line. 

The differential cross section dcr/dpr^reh where PT,rei is the transverse mo- 
mentum of the electron relative to the closest jet, has been measured for the 
process p dijet e~ X and is shown in figure 5. The ZEUS data points show 
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the statistical error as the inner error bar and the statistical and systematic 
errors added in quadrature as the outer bars. The uncertainty due to the ZEUS 
calorimeter energy scale is shown separately as the shaded band. Figure 5 also 
shows the prediction from the HERWIG [17] leading order Monte Carlo program 
for beanty prodnction (17%), for charm and light quarks (83%) and their sum. 
The overall rate was scaled by a factor of 3.7 in order to match the measured 
cross section. The HERWIG program was used with the default heavy quark 
masses (m<; = 1.55GeV/c^ and m;> = 4.95GeV/c^) and with the CTEQ-4D [18] 
and GRV-LO [19] structure functions for the proton and photon, respectively. 
Allowing the contribntions for beauty and charm plus light flavours to vary, a 
fraction of (20 ±6 (stat.) (sysi.) )% for beauty production was determined. 
Using this value, the beauty production cross section, measured in the kinematic 
range < IGeV^, 0.2 < y < 0.8, > 7GeV, > 6GeV, < 2.4, 

Py > 1.6GeV/c, and \r}^ | < 1.1, was determined as 

p —)■ dijet e~ X) = (39 ± 11 (stat.) (syst.) )pb,ZEUS preliminary 
The measured bb cross section is compared to leading order QCD Monte Carlo 



ZEUS Preliminary 




Fig. 5. The differential cross section in pr,rei for dijet events with an electron. The 
ZEUS data points are compared to the HERWIG Monte Carlo, which was scaled by a 
factor 3.7 to match the data. A beauty fraction of 17% is the HERWIG prediction. 



predictions in figure 6 as a function of the 6-quark mass assumed in the simu- 
lation. The HERWIG cross section decreases with mass and shows only a small 
dependence on the choice of the proton and photon structure function. The 
PYTHIA [20] program contains massless matrix elements and was used with the 




272 



Daniel Pitzl 



GRV94-LO and GRV-LO [19] parton distributions functions for the proton and 
photon, respectively. It predicts a higher bb cross section than HERWIG. Due to 
the large errors, the present measurement cannot rule out either prediction. 



ZEUS Preliminary 
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Fig. 6. The measured cross section for bb production with two jets and an electron in 
the final state, in the kinematic range specified in the text, compared to the HERWIG 
Monte Carlo with massive matrix elements and different proton and photon parton 
densities and to the PYTHIA Monte Carlo with massless matrix elements. 



Further insight in the production mechanism for heavy quarks can be gained 
by measuring the differential cross section in the variable 






E 



2jets 



jet 



„ie< 






where Eg is the energy of the incoming positron. It is the fraction of the pho- 
ton’s momentum contributing to the production of the two jets. Direct processes 
involving pointlike photons are observed at a;"*® Ri 1, whereas resolved processes 
involving the partonic structure of the photon lead to smaller values. 

Figure 7 shows the measured cross section for events with two 

jets and an electron in the final state. It has a maximum at high and a 
significant tail at low a;"*® which cannot be explained by direct processes and 
resolution effects alone. The HERWIG Monte Carlo predicts a 40% contribution 
from resolved photon processes, which, when added to the directed photon pro- 
cesses, provide a good description of the shape of the measured cross section. 
The overall normalization was scaled by a factor 3.7 to match the data. Fitting 
the ratio of resolved to direct photon processes yields a resolved contribution 
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of (35 ± 6 (stat .) )% which is consistent with the HERWIG prediction and with 
the value measured in charm production [21]. A similar result is obtained when 
the measured cross section is compared to the PYTHIA Monte Carlo generator, 
which predicts a resolved contribution of 48%. 



ZEUS Preliminary 




Fig. 7. The differential cross section in for dijet events with an electron. The 
ZEUS data points are shown with statistical errors and with statistical and systematic 
errors added in quadrature. The shaded band shows the uncertainty due the calorimeter 
energy scale separately. The HERWIG prediction for direct and resolved contributions 
was scaled by a factor 3.7 to match the data. 



4 Conclusions 

The first measurements of open b photoproduction have been reported by HI and 
ZEUS. Both experiments find cross sections that are about a factor of 4 larger 
than the expectations from leading order Monte Carlo Generators with massive 
matrix elements. The cross sections are measured in a visible range that involves 
the kinematics of the decay lepton. A comparison to next- to-leading order QCD 
calculations at the parton level requires an extrapolation to the full kinematic 
range or the addition of fragmentation and weak decays to the calculations. 
Both approaches add further systematic errors. The second approach has been 
followed by HI, which finds a cross section significantly larger than the NLO 
expectation. 

The h purity is 50% for the HI muon analysis and 20% for the ZEUS electron 
analysis. A higher purity can be obtained by using lifetime information from 
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existing or future silicon vertex detectors. It would allow a study of the resolved 
photon contribution to b photoproduction. 

At higher the present data samples should allow the first observation 
of open b production in deep inelastic scattering. A significant measurement 
of the structure function however, requires the increased luminosity 

expected from the HERA upgrade. 
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Abstract. We review the construction of non-pertubative fragmentation functions for 
mesons, both at leading and at next-to-leading order in two different subtraction 
schemes in the so-called massless approach. The fragmentation functions are deter- 
mined by fitting to OPAL and ALEPH data on inclusive production in e'*'e“ 
annihilation. It is shown, how recent data on inclusive photoproduction in ep 

collisions at HERA are reproduced with two sets of fragmentation functions differ- 
ing in the subtraction schemes. The influence of different assumptions on the charm 
distribution of the photon is pointed out. 



1 Introduction 

The production of heavy-flavoured hadrons (with charm or bottom) in the col- 
liding beam experiments with HERA provides new opportunities to study the 
dynamics of perturbative QCD and to obtain information on the proton and 
photon structure. Heavy-flavour production at HERA is dominated by photo- 
production events, where the electron (or positron) is scattered by a small angle 
producing photons of almost zero virtuality. In this case the electron scattering 
is equivalent to the scattering of on-shell photons carrying a fraction of the elec- 
tron energy distributed according to the Weizsacker- Williams spectrum [1]. The 
dynamics of charm and bottom photoproduction can be probed at HERA in a 
large kinematical region, the available center-of-mass energy being one order of 
magnitude larger than in fixed target experiments. As is well known, photopro- 
duction at HERA is described with two mechanisms, direct photoproduction, 
where the photon interacts directly with the quarks coming out of the proton, 
and via resolved photon interactions, where the photon fluctuates into parton 
constituents (quarks or gluons), which undergo hard scattering with the partons 
from the proton. Two types of approaches have been pursued in the calculation of 
photoproduction cross sections for heavy-flavour production in next-to-leading 
order (NLO). In the massive approach [2] one assumes that light quarks and 
gluons are the only active flavours within the ingoing proton and photon. In this 
approach the heavy quark mass mq 3> Aqcd acts as a cutoff for initial and 
final state singularities and sets the scale for the perturbative calculation. The 
cross section factorizes into a partonic hard-scattering cross section multiplied 
by light-quark and gluon densities. In this so-called massive quark scheme, the 
number of active flavours in the initial state is ny = 3, if charm and bottom 
are treated as massive, and, for example, n/ = 4, if only the bottom quark 
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is considered massive. For the prediction of the total charm or bottom photo- 
production cross section this is the only possibility. The massive approach is 
also the correct approach for the production of heavy flavoured hadrons with 
transverse momentary ~ rUg. If ^ uIq, mass terms in the hard scattering 
cross sections are suppressed by powers of mq/pT, but potentially large terms 
oc ln(py/mg) arise from the collinear branching of gluons or photons into heavy 
quark-antiquark pairs or from the collinear emission of a gluon by a heavy quark 
at large transverse momentum. For pf 3> rnq these terms spoil the conver- 
gence of the pertubation series and must be summed by absorbing the collinear 
ln(py/mg) singular terms into heavy-quark parton density functions (PDF’s) 
of the proton or photon, respectively, or into fragmentation functions (FF’s) of 
the heavy quark into the heavy hadron. An alternative way to the absorption 
of the large logarithm into parton densities and fragmentation functions is to 
treat the heavy quark Q as massless from the start and to absorb the collinear 
singularities into PDF’s and FF’s in the same way as it is done for the lighter 
w, d and s quarks using the standard MS subtraction scheme. This allows for 
the consistent usage of the standard NLO parton densities with rif = 4 (n/ =5) 
flavours for the proton or photon which have been constructed in this scheme. 
This way of calculating heavy-flavour production has been denoted the massless 
scheme [3]. The mass of the heavy quark appears only in the starting scale of 
the c or b quark parton distribution functions of the proton and the photon and 
the fragmentation functions of the heavy quarks, c or b, into heavy flavoured 
hadrons. In the case of hadrons containing bottom quarks only the total pho- 
toproduction cross section has been measured so far [4], so that the massless 
approach has not become relevant yet. 

For the production of charmed mesons, both HI [5] and ZEUS [6,7] have pre- 
sented experimental results for D*^ photoproduction. This channel is favoured 
because of its clear experimental signal coming from the D* — > Dtt decay with 
subsequent decay of the D into Ktt and A'tttttt channels. The data cover the 
Pt range up to pp ~ 10.5 Ge,V [5] and pp ~ 12 GeV [6,7], so that at least 
for the data in the high pp range the massless scheme should be applicable. In 
the medium pp range it is conceivable that the massive (fixed-order) and the 
massless (resummed) approach are equally reliable, and only in the \ow-pp range 
pp ~ rric the massive scheme is preferred. 

In the massless scheme it is also easy to incorporate information on the 
fragmentation of c quarks into D* mesons from other processes, as for example 
e+-|-e“ D* + X , into photoproduction of D* ’s at HERA, since, according to 
the general factorization theorems, this information is universal and can be used 
for the prediction of any inclusive D* production process in terms of universal 
FF’s for c ^ D* . This information on the c ^ D* FF’s comes from high-energy 
e+fi- data from LEP, where several data sets for e+e~ D* X , older [8,9] and 
newer [10,11] ones, exist, which have been used to determine the FF’s of D*'s 
employing two different subtraction schemes. 

In this report I shall review the influence of different descriptions of the 
fragmentation process inside the resummed approach, valid for pp rric, on the 
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predictions of inclusive D* production in ep collisions at HERA. I shall give a 
comparison with ZEUS data only in cases relevant for the comparison of these 
different approaches. A more complete confrontation of the recent HI [5] and 
ZEUS [6,7] data with the different theoretical approaches, massive and massless, 
has been presented elsewhere at this workshop [12] and in the HI [5] and ZEUS 
[6,7] papers. 

In the next section I shall give a short account of the NLO formalism for 
massless partons. In sect. 3 the calculation of the fragmentation functions for D* 
mesons based on two different schemes is reviewed. Sect. 4 contains a discussion 
of their consequences for the inclusive photoproduction of D*’s at HERA. In 
sect. 5 I finish with some conclusions and an outlook to possible work in the 
future. 



2 NLO Formalism for Massless Partons 



The calculation of the NLO inclusive cross section for the production of a hadron 
h with transverse momentum px and rapidity y in the resolved mode starts from 
the formula 



dPa 

dy d^pT 



f dx-ydxp— F2{x^,M^)FP D2{xh,Ml) 






dt 



+ 






KabMs, t, U, p\ M^, Ml, M^) 0 ( 1 -f ^ “ 



27T 



( 1 ) 



where s = (pa+Pft)^, t = {Pa —PcY and u = (pb—Pc)'^- The NLO corrections [13] 
Kab-i-c comprise 16 channels and their t ^ u crossed counterparts. da^i^_^^/dt 
stands for the LO hard-scattering cross sections for the transition ab cX , 
where A = d is a single parton in LO. F] and F^ are the PDF’s of the photon 
and proton, respectively, which must be calculated at scales M-y and Mp with 
the help of the NLO evolution equations derived for the MS subtraction scheme. 
Similarly, denots the FF for c — > h (in our case h = D*^) evolved up to the 
scale Mh, also in the MS subtraction scheme. We emphasize that the summation 
over parton labes a, b and c includes also the charm quark. This means, that the 
charm quark is also present in the initial state inside the proton and particularly 
inside the photon. 

The formula for 7 -f p — > h -t- A via direct photoproduction can be deduced 
from ( 1 ) by the replacements 

F2{x^,Ml)^5{l-x^), 

d<rlb^a 

d^ab—¥c ^ F^b—^C' ( 2 ) 

At LO, only the photon-gluon fusion process 7 p — >■ qq and the Compton process 
79 90. contribute. NLO corrections [14] K^b-^c include eight channels. It is 
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well known that NLO corrections lead to a reduction of the dependence on the 
renormalization scale p and the factorization scales , Mp and Mh This way, 
they reduce the theoretical uncertainty and lead in certain regions of phase space 
to sizable shifts in the cross section due to additional parton emissions in the 
final state. It should also be mentioned, that in NLO the definition of direct 
and resolved cross section looses its meaning. At higher orders only their sum is 
uniquely defined and can be compared to experimental data. 

The derivation of these formulas is done in dimensional regularization, which 
is needed to extract the ultraviolet, infrared and collinear divergencies. Since 
the charm quark is considered massless as all the other quark flavours, diver- 
gencies originating from the eg collinear singularities are encountered, which are 
absorbed into the bare PDF’s and FF of the photon, proton and D* meson. At 
this step finite terms in the NLO matrix elements Kab-^c remain, which are fixed 
by selecting the MS subtraction scheme. In the massive scheme these collinear 
singularities are cut off by the finite quark mass rric and no subtraction is nec- 
essary. In addition, there are no bare PDF’s or FF’s in this scheme, which could 
absorb the subtraction terms. 



3 Fragmentation Functions for D* 



Several different procedures to describe the fragmentation of c quarks into D* ’s 
have been developed. They differ whether and how information for the produc- 
tion of massive quarks in e+e“ annihilation is included in the transition c — > D* . 
They are described by introducing the function for the transition 

of a massless parton a (including the massless charm quark c) to a massive 
c quark (denoted C). These functions have been derived by Mele and Nason 
[15] by matching the cross section dcr(e+e“ — > C -f X)fdx, where all powers of 
m^/s have been neglected, in the massive scheme {rric ^ 0) to the cross section 
da{e'^e~ ad + X) in the massless scheme [rric — 0 from the beginning). The 
result is 



dfTe + e- ^c+x 
dx 

where 



{x, s, ml 
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dq,q,c^c{x,iJ^ ,ml) - 0 



-(1 + a;)[l + 21n(l - x)]j (5) 

( 6 ) 
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This formulacan be interpreted in many ways. Of course, when [x, , ml) = 

— x), the left hand side of (3) is just the cross section for e'*'e“ — > cc + X 
with massless c quarks. If, on the other hand, the remaining terms in are 
moved to the hard scattering factor d( 7 (e+e“ — > a -|- X)/dx, we recover the 
formula for the production of massive c quarks at NLO up to the neglected terms 
proportional to me. n is the factorization scale for the massless cross section, 
which is usually chosen as fi — ^/s, where s is the squared center-of-mass energy. 
When jj, = a/s ~ 2mc the formula (3) with (4) and (5) can be used directly as it 
stands. When p = y/s me large logarithms appear which must be summed. 
To preserve the structure contained in da-^c{x, p^, m^) for finite me the function 
(4) is assumed to determine the FF for a — >■ C at the starting scale po ~ m^ and 
one calculates the FF at larger scales p via the usual Altarelli- Paris! equations 
[16]. It follws from (5) that the evolution is given by the well known massless 
evolution kernel Pq^^\x). In this way these so-called perturbative FF’s are fully 
determined concerning the p dependence and also the initial conditions. Only the 
starting scale po has to be chosen appropriately. This approach with pertubative 
FF’s was first applied to the calculation of cross sections for the production of b 
quarks in hadron-hadron collisions [17] and later to the production of c quarks 
in 7 p [18] and 77 collisions [19] based on the massless scheme described in the 
previous section. Later it became clear that the pertubative FF as just described 
is not sufficient to predict cross sections for the production of heavy flavoured 
hadrons, like D* mesons, and D^(x,ji^,ml) must be convoluted with a non- 
pertubative FF Dq (a;,Po) which accounts for the transition C D* [18]. This 
FF can not be calculated in pertubation theory. It is asumed to be universal, so 
that it can be fixed by comparing with one set of experimental data and then 
used to predict other D* production cross sections. It has been obtained from 
inclusive e"*" -|- e~ D* -\- X cross sections measured at DORIS and LEP [18]. 
It is clear that with this procedure the total fragmentation a D* , starting 
from the massless c quark a, is a convolution of the pertubative FF with the 
non-pertubative FF. 

Instead of introducing the concept of a pertubative component for the FF one 
can incorporate the difference between the massless and massive cross section 
for e+ - 1 - e“ C + X m a different way, namely, by combining the terms in 
D/ proportional to da^c with the hard scattering cross section d( 7 (e+e~ 
a -|- X)/dz in the sense of changing the final-state factorization scheme. This 
amounts to substituting in the hard-scattering cross section 









tl — ^ c{x,^i,ml) (8) 



One should note that the coupling in front of da^c is evaluated at the input 
scale Po- This shift leaves the cross section for massive charm production for 
scales p ~ Po — 'me unchanged, when D^{x,/i^,ml) = ^aC<^ac(l — is re- 
tained. In [20] it was shown that this way of incorporating the differnce of the 
massless and massive hard-scattering cross section is consistent with the cross 
section for e+ -|- e~ —^C + X including all terms up to ©(a^) in the leading 
logarithmic approximation. It is clear that when this change of final-state fac- 
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torization scheme is performed for calculating the D* X cross section, 

in order to construct the FF’s for a — > D* from experimental data, it must be 
intoduced also in all other hard-scattering cross sections for predicting inclu- 
sive D* production. This change of the final-state factorization has been used 
for studying the influence of various approximations in the fragmenation of D* 
mesons in [21] and somewhat later for predicting photoproduction cross sections 
with fragmentation information coming from LEP experiments in [22]. 

The method of combining pertubative and non-pertubative FF’s in the anal- 
ysis of D* production at DORIS and LEP for the calculation of NLO inclusive 
D* photoproduction cross sections has been applied in [18] and reviewed by 
Cacciari at the 1997 Workshop [23]. As already said, it turned out that the frag- 
mentation of charm or bottom quarks into D* mesons cannot be calculated from 
first principles in pertubation theory. In fact, in order to realistically desribe the 
formation of the D* meson, a non-pertubative component, which is not known 
theoretically, is always needed. Hence, it is appropriate to give up the pertu- 
bative component of the FF input altogether and to describe the c — > D* and 
6 D* transitions entirely by non-pertubative FF’s, as it also done for the frag- 
mentation of u, d and s quarks into light mesons. This is the basis of our recent 
work [24], which has been compared with the new ZEUS and HI experimental 
results in [6,7] and [5] (see also [12]). It should be clear that the parameters of 
the non-pertubative FF’s differ, depending on whether a pertnbative component 
of the FF is introduced (via the initial conditions respectively via a change of 
the subtraction scheme) or not. 

The construction of the non-pertubative FF’s for c — >■ D* by fitting large-s 
data on e"*" -f e“ — > D* -1- A is complicated since in hadronic Z decays charmed 
mesons are expected to be produced either directly through the hadronization of 
charm quarks in the process Z cc oi via weak decays of B hadrons produced 
in Z ^ bb with approximately equal rate. Charmed mesons from Z cc allow 
us to measure the c-quark FF. The main task of the experimental analysis was to 
disentangle these two main sources of D*^ production at the Z boson resonance. 
In our first analysis, in which the da^c subtraction scheme was used, we made 
use of the LEP data from ALEPH [8] and OPAL [9]. 

The starting scales for the D* FF’s of the gluon and the u, d, s and c quarks 
and antiquarks was set to (Iq — 2m,c with rric — 1.5 GeV, whereas for bottom 
it was set to /iq = 2mf, with mb — 5 GeV. The FF’s of the gluon and the 
first three quark flavours are assumed to be zero at the starting scale. For the 
parametrization of charm- and bottom quark FF’s at their respective starting 
scales two different forms were employed, the so-called standard (S) and mixed 
(M) sets [22]. Here we review only the results with the mixed set. The results 
with the standard set are very similar and lead to almost identical predictions 
for the photoproduction of jD*’s. In the mixed set the FF of the bottom quark 
is assumed to be of the form 

(9) 

which contains three parameters and is best suited for FF’s which peak at smaller 
X. The charm-quark FF at the initial scale is equal to the Peterson distribution 
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[(1 — x)^ + exY 



(10) 



which is particularly suitable to describe FF’s that peak at large x. It depends 
only on two free parameters, N and e. Both ALEPH [8] and OPAL [9] extracted 
the total D*^ momentum distribution as well as the individual contributions 
due to Z —>■ cc and Z —>■ 66. In the performed LO (NLO) analysis the one-loop 
(two-loop) formula for a* with = 108 MeV (227 MeV) was used. The 
obtained values of A, a, j3 and e resulting from the combined LO (NLO) fits to 
the ALEPH and OPAL data are given in [22]. The e parameter in the LO (NLO) 
fit is e = 0.0856 (0.0204). In the NLO fit e is very much reduced since part of 
the fragmentation is described by the pertubative component. In Fig. 1 the fits 
are compared to the OPAL [9] data. For the fits to the ALEPH data see [22]. 
Both, the LO and NLO results are shown. Except for very small x, the LO and 
NLO curves are very similar. At small x large differences occur, indicating that 
in this region the pertubative treatment ceases to be valid. Also, in this region, 
the massless approximation is not valid anymore. In any case, due to the finite 
D* mass, the D* can only be produced for x > Xmin = 2m{D*)jMz = 0.046. 
This is the region, where the NLO results turn negative. Therefore the results 
are meaningful only for x > Xcut = 0.1. For the fitting actually only the x bins 
in the interval [0.1, 0.9] were used. The quality of the fit measured in terms 
of average for all selected data points is quite good. Details are found in 
[22]. Also the branching fractions of the two transitions c — >■ D* and 6 — >■ D* 
which are calculated from the FF’s over x in the interval Xcut < x < 1 came 
out in agreement with the measured values: Be = 0.259 and Bb = 0.252 [9] 
with errors of 25%. The corresponding theoretical values are 0.231 (0.221) and 
0.215 (0.219) for the LO (NLO) fit. These numbers show that we have the correct 
normalization. Another quantity of interest is the mean momentum fraction 
< X >Q (fi) where Q = c,h. This depends on the scale, where it is evaluated. For 
p, — Mz we have < x >c= 0.490 (0.556) for the LO (NLO) FF, which has to be 
compared to < a; >c= 0.4951°'°];° ± 0.007 [8] and < x >c= 0.515l°'g°5 ± 0.010 
[9]. 

Looking at the curves in Fig. 1 we notice that the NLO fits lead to negative 
cross sections in the vicinity oi x = 1. This is directly conneted with the subtrac- 
tion of the pertuabative da-yc functions. To remove this unphysical behaviour 
one must resum the pertubative contributions for x I originating from the 
finite mass cross section. Also due to this extra complication the description 
in terms of pure non-pertubative FF’s is preferred. Negative cross sections at 
x < 1 occur also in all the other formulations with pertubative pieces in the 
FF’s [18,26]. With the same ALEPH [8] and OPAL [9] data we performed fits 
also in the truly massless scheme discarding the pertubative contributions in 
form of the da-^c functions. Here the fit could be done in the interval [0.1, 1] 
in contrast to the fit with the da-^c functions, which was limited to [0.1, 0.9]. 
The main difference in the NLO fit was a change of the Peterson parameter to 
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Fig. 1. Comparison of the OPAL data [10] on e"*" + e~ D*^ + X with the LO M 
(dashed) and NLO M (solid) calculations. The three sets of curves and data correspond 
to the Z -¥ cc and Z ^ bb samples as well as their combination. 



€ = 0.116. The fit was equally good, the changed only from 0.96 to 1.01. Of 
course, also the fragmentation parameters for b ^ D* fragmentation changed 
somewhat, but much less than the parameters for the c fragmentation. 

In 1997 more precise data for e+ + e“ —1 D*^ + X from ALEPH [10] and 
OPAL [11] became available. These new samples are compatible with the re- 
spective older samples, but not with each other. Both ALEPH [10] and OPAL 
[11] presented momentum distributions for their full Z -X D*^ + X sample and 
for the Z ^ bb subsample, but not separately for Z — > cc as in the previous 
measurements. We used the new data to perform only fits without the da-^c 
subtraction. The fit parameters for the two data sets in LO and NLO and for 
the two flavours c and b are displayed in Tab. I of [24]. The obtained parameters 
for ALEPH and OPAL come out different indicating that the two data sets do 
not overlap inside their errors. Both sets have much larger e parameters in NLO 
compared to the earlier fits with the massive subtraction. In Fig. 2 the OPAL 
[11] data are compared with the sets LO O and NLO 0 (0 stands for OPAL). 
The comparison of the corresponding LO and NLO fits to the ALEPH data can 
be found in Fig. lb of [24]. Except at very small x, the LO and NLO results are 
again very similar. There are large differences between the LO and NLO param- 
eters obtained from the same data. The value e = 0.0851 of set LO O is very 
similar to e = 0.0856 of the set obtained from the older data [8,9]. Compared to 
the NLO fit with the da->c subtraction shown in Fig. 1, the new NLO fit in Fig. 
2 stays positive also for x > 0.9, coincides there with the LO result, and nicely 
describes the data. 

As with the fits to the older data, we studied also the branching fractions 
and the mean momentum fractions for the two sets and compared them with 
the available experimental information. Both quantities turned out to be in 




Open Heavy-Flavour Photoproduction at NLO 283 




X 



Fig. 2. Comparison of the OPAL data [12] on e'*’e“ — > D*^ -f X with the LO O 
(dashed) and NLO O (solid) calculations. The three sets of curves correspond to the 
Z cc, Z —¥ bb and full samples. 



reasonable agreement with the data, details are found in [24]. We tested also, 
whether the FF’s constructed from LEP data lead to a consistent description of 
e+e“ —1 D* JA-data at lower energies. This presents a direct test of the underlying 
scaling violations of fragmentation via the time-like Altarelli-Parisi equations. 
The comparison with data from ARGUS [27] at -y/s = 10.49 GeV , from HRS 
[28] at = 29 GeV and from TASSO [29] at -y/s = 34.2 GeV calculated with 
the LO and NLO OPAL and ALEPH sets can be seen in in Fig. 2a, b of [24] 
together with the OPAL and ALEPH data, respectively. The agreement with 
all the data is quite good. These comparisons assure us that the D*^ FF’s, al- 
though constructed from data at = Mz, lead to a valid description of D*^ 
fragmentation at lower scales. 

Based on the universality of fragmentation we have made predictions for 
inclusive D*^ photoproduction at HERA. The results for the FF’s based on 
the older LEP data and empoying the massive charm subtraction scheme are 
found in [22] as well as the comparison with the ZEUS data [30] published in 
1997. The more recent HI [5] and ZEUS [6,7] have been compared only with 
the more recent predictions based on FF’s obtained with the recent ALEPH 
and OPAL results and without the massive subtraction. Such comparisons have 
been shown also at the workshop in Coldewey’s contribution [12]. In [24] we 
compared with preliminary ZEUS data from their 1996 analysis [31]. In the next 
section I shall present some of these results with particular emphasis on how the 
two fragmentation schemes, with and without the massive subtraction, influence 
the predictions. In addition I shall discuss the contribution of the resolved cross 
section. 
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Fig. 3. Comparison of the ZEUS data on e+p — ^ + X with the NLO calculations 

according to cases 1 (dashed) eind II (solid). 



4 D*^ Production in Low-Q^ ep Collisions 

It is clear that the cross section for inclusive D*^ production in low-Q^ ep col- 
lisions at HERA depends on input from different sources. First, it depends on 
the way the FF for the D*^ is constructed. In [21] several versions of approxi- 
mating the D* fragmentation have been investigated. For example, in [21] the 
£ parameter in the Peterson fragmentation formula was varied by ±0.02. This 
changed the cross section by ±15% with the branching fraction fixed to its ex- 
perimental value. This is not a very large change. Since in our more recent work 
[22,24] the D* FF was fixed by LEP data this dependence on the FF is largely 
eliminated. The final prediction, though, may still depend on the scheme used to 
construct the fragmentation in NLO. i.e. with or without the massive subtrac- 
tion terms. When we fitted to the LEP data, we also had to take into account 
D*^ production by bottom-quark fragmentation. In ep collisions, however, the 
bottom quark does not contribute to D*^ production below the threshold at 
rriT = \/Px + contrast to e+e“- annihilation the bottom quark 

does not contribute significantly even above threshold. In [22] we found that the 
relative contribution due to the 6-quark FF’s is below 5% and decreases with 
increasing px- 

Another issue is the problem of the scheme dependence in the construction 
of the FF’s. Above we presented the results for D*^ FF’s obtained from fitting 
the same LEP data, but with the different schemes, one with and one with- 
out the massive subtraction da-^c- As we have seen, these two schemes lead 
to completely different non-pertubative components in NLO, expressed by two 
completely different e parameters, c = 0.0204 and e = 0.116, respectively. In Fig. 
3 I show the predictions for the D*^ photoproduction cross section with the two 
schemes. The dashed curve (case I) is with da^c subtraction and the full curve 
(case II) without. In Fig. 3 the px distributions dcr/dpx is compared to the older 
ZEUS [30] data. We observe, that the two predictions differ approximately by 
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Fig. 4. Sensitivity to the charm content of the photon. 



25%. We think that this difference is characteristically the error caused by using 
two different fragmentation approaches. We note that the cross section with the 
massive subtraction lies higher than without the subtraction, which is based on 
the pure MS factorization. This is in contrast to the predictions of Cacciari et al. 
[18], where the da-^c functions are taken into acconnt via the initial conditions 
of the FF’s. Although these two approaches are equivalent up to 0(aj) in the 
logarithmic terms, they differ in nonlogarithmic terms in the same order. We as- 
sume that this difference in the treatment of the da^c terms is the explanation 
for the smaller D* photoproduction cross sections in [18]. 

The largest uncertainty in the calculation of the D*^ photoproduction cross 
section is related to the charm content of the resolved photon. The most sensitive 
distributions to study this dependence are the differential rapidity distributions 
for fixed px- To illustrate the sensitivity to the charm PDF of the photon, the 
NLO analysis (here with the NLO S fragmentation function and with the FF in 
the massive subtraction scheme from [22]) with this PDF switched off is shown 
in Fig. 4 and compared to the full calculation. We observe that 73% to 100% 
(50% to 89%) of the resolved (full) cross section is induced by the charm content 
of the photon, which is most important in the backward direction. In Fig. 4 the 
cross section is plotted as a function of yiab, integrated over 3 < pt < 12 GeV . We 
emphasize, the lower px limit may be somewhat too small to justify the massless 
scheme. A larger px limit should be suited better. However, here the influence 
of the resolved component diminishes somewhat. The three experimental points 
are from the first ZEUS measurements [30]. 

It is well known, that the pure massive scheme [2] contains a contribution 
from the charm component in the photon. This is hidden in the NLO corrections 
to the direct cross section. As long as all rri^/p^ terms are negligible this con- 
tribution, in a first approximation, should be equivalent in the massless scheme 
to the LO resolved component. Therefore it is of interest to see the influence of 
the NLO corrections to the resolved component since this contribution is cer- 
tainly absent in the massive scheme. This is shown in Fig. 5, where the NLO 
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Fig. 5. Comparison of the ZEUS data on e + p — > + X with the LO O (dashed) 

and NLO O (solid) calculations. The dot-dashed curve emerges from the solid one by 
switching off the NLO terms in the partonic cross sections of the resolved processes. 



O calculation of dcr/dpT is compared to the case, where the NLO terms in the 
partonic cross sections are switched off. For py > 5 GeV we observe an increase 
of up to 50% due to the NLO corrections. This is almost the difference between 
the results of the massive scheme and the massless scheme, as can be seen in 
Fig. 2 of [6]. In Fig. 5 the most recent ZEUS data [6] are compared to the full 
NLO massless calculation of [24]. The experimental data lie somewhat above 
the predicted results, in particular for the larger pT values, where the agreement 
actually should be better. The difference amounts to approximately 30% (not 
considering the experimental errors) for pt > 5 GeV . In Fig. 5 we plotted also 
the LO O prediction. It is very similar to the NLO O result showing good pertu- 
bative stability. We emphasize that the LO curves are obtained with LO PDF’s, 
FF’s and the one-loop formula for 

We have seen above that the charm component of the resolved photon makes 
an important contribution to the D*^ photoproduction cross section. All the 
results shown so far are obtained with the parametrization of GRV in LO or 
NLO [32]. It is interesting to see the results for other photon PDF’s. Such com- 
parisons are shown in Fig. 6, where the differential rapidity distributions are 
plotted after integration over four different pT ranges pT,min < pr < 12 GeV 
with PT,min — 2,3,4 and 6 GeV. Besides GRV the photon PDF’s of Gordon 
and Storrow (denoted GS92) [33] and two others from Aurenche et al. for mass- 
less charm quarks [34] denoted AFG and for massive charm quarks [35] denoted 
ACFGP(mc) are employed. We observe a significant variation of the cross sec- 
tions, especially also in the backward direction. The difference is particularly 
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Fig. 6. Comparison of the ZEUS data on e-|-p — >■ D*^+X with the NLO O calculation 
for different photon PDF’s. 



marked for the curves with pT,min = 2 GeV. For pT,min = 6 GeV the differences 
are much less. In this figure the various predictions are also compared to the 
recent ZEUS data [6]. Of course, for pT,min = 2 GeV we would not expect that 
the massless scheme yields reliable predictions, although the GS92 curve comes 
close to the data. All other PDF’s give too large cross sections in this case. Also 
for the other PT,min = 3,4 and 6 GeV the GS92 prediction agrees reasonably 
well with the data points, but also GRV and AFG agree for the two largest 
Pt, min’s. The GS92 prediction is also better in the forward direction where the 
deviation between the data and the prediction is largest. 

Very recently the ZEUS collaboration also presented data in a smaller total 
center-of-mass energy region W , 80 < W < 120 GeV [7] compared to the high 
W region 130 < W < 280 GeV already published [6]. The px and yiab intervals 
of these data are 2 < pr < 8 GeV and — 1 < yiab <1.5. The predicted dcr/dpr 
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distribution based on our fragmentation approach without the massive subtrac- 
tion and e = 0.116 is in good agreement with the data. The cross section as a 
function of yiab integrated over the region 3.25 < pr < 8 GeV agrees best with 
the newer Gordon-Storrow photon PDF [36] (see [7]), although some access in 
the forward region is still evident if compared to the prediction. 



5 Conclusions 

The study of inclusive D*^ production in e'*'e“ and ep collisions allows for a 
meaningful test of the QCD-improved parton model. Inside the massless ap- 
proach, where the charm-quark mass is neglected, we discussed two different 
subtraction schemes for the fragmentation functions in NLO. Both can be used 
to fit D*^ production at LEP and lead to comparable photoproduction cross 
sections at HERA. It is emphazised that the fit results for the input parameter 
e of the Peterson et al. parametrization is highly scheme dependent at NLO and 
must not be naively compared disregarding the theoretical framework which it 
refers to. 

A large part of the D*^ photoproduction cross section originates from the 
resolved process, eventually allowing to determine the charm distribution func- 
tion of the photon more accurately. The reasonable agreement between the NLO 
masslesss theory and recent D*^ photoproduction data from ZEUS is quite en- 
couraging. This is also true for the 77 — >■ D*^X process, for which new data 
were shown at this workshop [37]. It is pointed out, that the theoretical cross 
section is particularly enhanced by the NLO corrections to the resolved com- 
ponent, a contibution, which is absent in any pure massive calculation. It is 
understood, that the massless-quark approximation is only appropriate for D*^ 
production at large enough pr, say px > 4 GeU. So it should not be expected to 
yield meaningful predictions for the photoproduction at small-px D*^ mesons 
at HERA. The next step in theory would be to retain the finite charm-quark 
mass and to subtract in the NLO corections to the direct process the colllinear 
logarithmic mass divergences in such a way that the MS subtracted massless 
theory is aproached in the limit me — 0. This formulation should be applicable 
at small and large px . 
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Open Charm Production in Deep Inelastic 
Scattering at Next-to-Leading Order at HERA 



Brian Harris 

HEP Theory Group, Argonne National Laboratory, Argonne, IL 60439, USA 



Abstract. An introdnction and overview of charm production in deep inelastic scat- 
tering at HERA is given. The existing next-to-leading order perturbative QCD calcu- 
lations are then reviewed, and key resnlts are summarized. Finally, comparisons are 
made with the most recent HERA data, and unresolved issues are highlighted. 



1 Introduction 

Electromagnetic interactions have long been used to study both hadronic struc- 
ture and strong interaction dynamics. Examples include deep inelastic lepton- 
nucleon scattering, hadroproduction of lepton pairs, the production of photons 
with large transverse momenta, and various photoproduction processes involving 
scattering of real or very low mass virtual photons from hadrons. In particular, 
heavy quark production in deep inelastic electron-proton scattering (DIS) is cal- 
culable in QCD and provides information on the gluonic content of the proton 
which is complementary to that obtained in direct photon production or struc- 
ture function scaling violation measurements. In addition, the scale of the hard 
scattering may be large relative to the mass of the charm quark, thus allowing 
one to study whether and when to treat the charm as a parton. 

Early measurements of open charm production in neutral current DIS, per- 
formed by the Berkeley-Fermilab-Princeton (BFP) [I] and European Muon Col- 
laboration (EMC) [2] experiments, touched upon the topics relevant for HERA 
today: production mechanism, charm fragmentation, gluon parton distribution 
function extraction, and charm contribution to the proton structure function. 
See [3] for a review of these experiments. Activity in this area has increased 
recently with new data available from the HI [4] and ZEUS [5] experiments at 
HERA. In particular, substantial samples of reconstructed D* hadrons have been 
obtained, and a semi-lepton decay mode analysis is underway [6] . Considerably 
more data is anticipated in the next few years. 

Interest in the production mechanism is twofold. First, one is concerned with 
the leading twist-two term in the operator product expansion which incorporates 
the factorization theorem for hard scattering. Second, there is interest in studies 
of a higher twist charm component to the proton. 

When considering the leading twist-two term the main issue is whether and 
when to treat the charm as a parton. Near threshold it is well established that 
charm is produced through photon-gluon fusion. On the other hand, very far 
above threshold the charm should be resummed into an effective parton dis- 
tribution. How one interpolates from one region to another is described by a 
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variable flavor number scheme, several of which have been proposed recently 
[7,8,9]. One must look at sufficiently inclusive observables in order to build up 
the logarithms that are to be summed, so predictive power for some observables 
is lost. In other words, for differential quantities, the fixed flavor number scheme 
of photon-gluon fusion provides the most appropriate formalism [10]. 

The idea of a higher twist charm component to the proton was introduced by 
Brodsky et al. [1 1] . In this scenario the intrinsic charm quark Fock component in 
the proton wave function, \uudcc >, is generated by virtual interactions where 
gluons couple to two or more valence quarks. The probability for cc fluctuations 
to exist in a light hadron scales as relative to the twist-two component, 

and is therefore higher twist. The EMC data [2] marginally support this idea. 
A full re-analysis of the EMC data has been carried out including both leading 
twist and intrinsic components at NLO including mass and threshold effects [12]. 
The result is that one data point contributes to a 0.8 ± 0.6% normalization of 
the intrinsic component relative to leading twist. 

Fragmentation is the most contentious topic at present. The production and 
subsequent hadronization of charmed quarks in DIS is not as clean as the much 
studied case of production in e“'"e“ annihilation. In particular, in DIS there are 
proton beam remnants around which necessarily talk to the charm quark as it 
hadronizes. If events too close to the beam direction are selected, one can ex- 
pect deviations from models which do not account for this effect. Presently it is 
hoped that detailed experimental studies in the Breit frame, wherein one hemi- 
sphere resembles e“'"e“, will provide additional information on the fragmentation 
process. 

Because the production method is dominated by the leading twist photon- 
gluon fusion near threshold, it is possible to extract a gluon parton distribution 
function (PDF) and compare with existing PDFs, which derive their gluon in- 
formation from other sources, such as direct photon production or structure 
function scaling violation measurements. This has been done by both HI and 
ZEUS collaborations. The results are completely consistent with comparable 
PDF sets in the same x and range. While unlikely to ever replace structure 
function scaling violation measurements, charm production does serve as a nice 
consistency check on the gluon PDF. 

One may also wish to take the open charm measurement and extrapolate the 
cross section over the full phase space and then extract the charm’s contribution 
to the proton structure function. Historically the structure functions have been 
useful as input into global analyses and a testing ground for the variable flavor 
number schemes mentioned above. Care must be taken so that conclusions drawn 
are not artifacts of the extrapolation procedure (model). 




292 



B. W. Harris 




Fig. 1. Typical Feynman diagrams contributing to the amplitude for neutral current 
charm production, (a) An order egs Born diagram, (b) An order eg^ virtual diagram, 
(c) An order eg^ gluon-bremsstrahlung diagram, (d) An order eg^ light quark initiated 
diagram 



2 Next-to-leading Order Calculations 



The reaction under consideration is charm quark production via neutral-current 
electron-proton scattering, e~{l)+P{p) — >■ e“(/')-|-c(pi)-|-A' . When the momen- 
tum transfer squared = —q^ > 0 {q = I — I') is not too large <C M|, the 
contribution from Z boson exchange is suppressed and the process is dominated 
by virtual-photon exchange. After an azimuthal integration, the cross section 
may be written in terms of structure functions , rric) and F^ix, Q^, rric) 

as follows: 



(fia 

dydQ'^ 



27ra^ 

yQ'^ 



{ [1 + (1 - yf] ^2 "^c) 






( 1 ) 



where x = j2p-q and y = p-q/p-l are the usual Bjorken scaling variables, a is 
the electromagnetic coupling, and rric is the charm mass. The scaling variables 
are related to the square of the center of momentum energy of the electron- 
proton system S = (I + p)^ via xyS = Q^. The total cross section is given by 
[13] 



(7 = 



pi pyS-4ml 

/ dy dQ"^ 

lAm'j.lS J j{l-y) 




(2) 



where rric is the electron mass. 

Typical Feynman diagrams for this process are shown in Fig. 1. The inter- 
ference of the 0{egs) Born diagrams with the 0{eg^) one-loop virtual diagrams 
produces a result that is 0{aag). The ultraviolet divergences are removed by 
renormalization in the Collins-Wilczek-Zee scheme [14]. The result is added to 
the square of the gluon-bremsstrahlung diagrams which is also 0{aac). Initial 
state collinear singularities are mass factorized to obtain a finite NLO result. 
For the light quark initiated subprocess there are no virtual contributions at 
0{aa^). One only encounters initial state collinear singularities which are again 
removed using factorization. The full NLO corrections were first calculated in 
[15] and may be written in the form 
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Mln^j+e^L:i + oe.a«' 



( 3 ) 



with k = 2, L. The lower limit on the integration over the parton momentum 
fraction ^ is ^min = a:(4m^ + Q^)IQ^. The parton momentum distributions in 
the proton are denoted by fi/p{^T The sum is taken over the light quarks, 
q = u,d, s. The mass factorization scale fXf has been set equal to the renormal- 
ization scale Hr and is denoted by h- charges are in units of e. c[°], 

4^i , (t = g,q,q), and d^}], ,(i = q,q) are scale independent parton coeffi- 

cient functions, and are distinguished by their origin. The c-coefficient functions 
originate from processes involving the virtual photon-heavy quark coupling, the 
d-coefficient functions arise from processes involving the virtual photon-light 
quark coupling, and the o-coefficient functions are from the interference between 
these processes. 

In addition to describing the structure functions, the coefficient functions 
of [15] may also be used to compute the single-inclusive distributions dF^/dpt 
and dFk/dy [16], where pt and y are the transverse momentum and rapidity, re- 
spectively, of the heavy quark in the virtual photon-proton center of momentum 
system. 

Unfortunately, the analytic expressions of the coefficient functions are too 
long to be published in journal form. They are however available as computer 
code, but, for the same reason, the code tends to be slow. Initially this was seen 
as an impediment to including them in a global fitting program. Then in [17], 
with the threshold and asymptotic behavior of the coefficient functions removed, 
it was possible to numerically tabulate grids, with a fast interpolation routine, 
so that speedy computation of Eq. (1) - (3) became possible. This process was 
further refined in [18]. 

The coefficient functions in the large momentum transfer limit are a necessary 
ingredient for constructing the variable flavor number schemes mentioned in the 
introduction. Exact analytic formulae for the together with analytic formulae 

for the coefficient functions 4\- = 9: d) d)> Etnd d^- ) (* = d) d) in the 

limit ^ rn? can be found in [19]. 

The coefficient functions have also been calculated in a fully differential form 
[20]. These in turn can be used with Eq. (3) to construct pair-inclusive distri- 
butions such as dFk/dMcc [21] where M^c is the invariant mass of the produced 
charm-anticharm system. 
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The resulting differential structure functions and Eq. (1) have further been 
used to construct a NLO monte carlo style program, HVQDIS [22,23]. The 
basic components (in terms of virtual-photon-proton scattering) are the 2 to 2 
body squared matrix elements through one-loop order and tree level 2 to 3 body 
squared matrix elements, for both photon-gluon and photon-light-quark initiated 
subprocesses, as shown in Fig. 1. It is therefore possible to study fully-, single-, 
and semi-inclusive production at NLO, and three body final states at leading 
order. The goal of this NLO calculation is to organize the soft and collinear 
singularity cancellations without loss of information in terms of observables that 
can be predicted. 

The subtraction method provides a mechanism for this cancellation. It allows 
one to isolate the soft and collinear singularities of the 2 to 3 body processes 
within the framework of dimensional regularization without calculating all the 
phase space integrals in a space-time dimension n yf 4. Expressions for the three- 
body squared matrix elements in the limit where an emitted gluon is soft appear 
in a factorized form where poles e = 2 — n/2 multiply leading order squared 
matrix elements. These soft singularities cancel upon addition of the interference 
of the leading order diagrams with the renormalized one-loop virtual diagrams. 
The remaining singularities are initial state collinear in origin. The three-body 
squared matrix elements appear in a factorized form, where poles in e multiply 
splitting functions convolved with leading order squared matrix elements. These 
collinear singularities are removed through mass factorization. 

The result of this calculation is an expression that is finite in four-dimensional 
space time. One can compute all phase space integrations using standard monte 
carlo integration techniques. The final result is a program which returns parton 
kinematic configurations and their corresponding weights, accurate to 0{aa1). 
The user is free to histogram any set of infrared-safe observables and apply cuts, 
all in a single histogramming subroutine. Additionally, one may study heavy 
hadrons using the Peterson et al. model [24]. Detailed physics results from this 
program and a description of the necessary cross checks the program satisfies 
are given in [23]. See also [25] for recent improvements. 



3 Results and Current Issues 

Charmed meson differential cross sections are measured experimentally [1,2, 4,5] 
within some detector acceptance region, and the corresponding theory predic- 
tions can be made using HVQDIS. As we saw above, the cross section is an 
integral over the structure functions. Therefore, the two share many of the same 
properties. Before discussing the cross sections, the more salient features of the 
NLO structure functions will be reviewed. The interested reader can find addi- 
tional details in the original paper [15] and, more so, in the recent phenomeno- 
logical analyses [18,26,27,28]. 

For moderate ~ 10 GeV^ one finds that the charm quark contribution at 
small X ~ 10“'^ is approximately 25% of the total structure function (defined as 
light parton plus heavy quark contributions). In contrast, the contribution from 
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jx (GeV) fx (GeV) 

Fig. 2. The renormalization/factorization scale dependence of the strncture function 
G 2 (a;, <5^, rUc) for = 3 GeV^ (left) and = 25 GeV^ (right) for various x values. 
The results for GRV94 {solid lines) and GTEQ4F3 {dashed lines) parton distribution 
sets are shown 



bottom quarks is only a few percent due to charge and phase space suppression. 
The structure functions show a marked rise at small x due primarily to the 
rapidly rising gluon distribution: the gluon initiated contributions comprise most 
of the structure function. The light quark initiated processes give only a few 
percent contribution at small x. The scale dependence of the structure functions 
is very small in the HERA x and regions. This is demonstrated in Fig. 2 
for various x and values. The largest variation comes from our imprecise 
knowledge of the charm quark mass. For example, a ±10% variation of the 
charm mass about the central value of 1.5 GeV gives a ±20% variation in the 
structure function for small x and moderate . 

At moderate , and x values larger than 0.01, the charm structure func- 
tion is increasingly dominated by partonic processes near the charm quark pair- 
production threshold. The large size of the gluon density for small momentum 
fractions gives relatively large weight to such processes [27]. Although the QCD 
corrections at presently accessible x values are moderate (about 30 — 40%), with 
an increasing amount of data to be gathered at higher x, it is worthwhile to have 
a closer look at such near-threshold subprocesses. In this kinematic region, the 
QCD corrections are dominated by large Sudakov double logarithms. Recently 
[29] , these Sudakov logarithms have been resummed to all orders of perturbation 
theory, to next-to-leading logarithmic accuracy, and, moreover, in single-particle 
inclusive kinematics [30]. Let us recall the main results. First, the quality of the 
approximation for the next-to-leading logarithmic threshold resummation was 
found to be clearly superior to leading logarithmic one. Furthermore, the resum- 
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Fig. 3. Next-to-leading order differential cross sections for charm production at %/S = 
301 GeV at HERA using the GRV94 {dashed lines) and GTEQ4F3 {solid lines) parton 
distribution sets, (a) Transverse momentum, (b) Pseudo-rapidity, (c) Bjorken x {left 
set) and parton momentum fraction ^ {right set), (d) Photon virtuality 



mation provided next-to-next-to-leading order estimates [29], which were found 
to be sizable for x > 0.05. 

Let us now examine some of the properties of the charm quark cross section. 
Results are presented in the HERA lab frame with positive rapidity in the proton 
direction. The proton and electron beam energies are taken to be 820 GeV and 
27.6 GeV, respectively. Results are for the kinematic range 3 < < 50GeV^ 

and 0.1 < 2 / < 0.7. The GTEQ4F3 [31] and GRV94 HO [32] proton-parton 
distribution sets are used. The renormalization and factorization scales have 
been set equal to /r. 

Fig. 3 shows the NLO cross sections differential in transverse momentum pt, 
pseudo-rapidity ij, Bjorken x, and momentum transfer for charm quark pro- 
duction using the GRV94 (dashed) and GTEQ4F3 (solid) parton distribution 
sets a,t fj, = \/Q^ + with me = 1.5 GeV. From Eq. (3) the parton distri- 
butions are probed at a momentum fraction ^ which is typically one order of 
magnitude larger the x. This is illustrated in Fig. 3c where a plot of da/dlog{^) 
vs. log(^) (right set of curves) is superimposed on the plot of da/dlog{x) vs. 
log(a;) (left set of curves). The difference between the curves is approximately 
10% at ^ = 10-2-^. 

The scale dependence of the NLO differential cross sections is shown in Fig. 4. 
The curves were made using the GTEQ4F3 parton distribution set at /x = 2mc 
(solid) and p = 2y/Q'^ + 4m^ (dashed) with me = 1.5 GeV. The curves show 
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Fig. 4. Same set of distributions as Fig. 3, bnt this time showing the variation 
with respect to renormalization/factorization scale, /r = 2m,c {solid lines) and /r = 
2 + 4m§ {dashed lines) 



very little scale dependence. This can be anticipated from the results shown in 
Fig. 2 and the distribution in Bjorken x shown in Fig. 4c. The latter shows the 
cross section is dominated by a: ~ = 3.2 x lO”"* while the former shows 

that, independent of the structure function is very flat in this particular x 
region. Therefore, the cross section tends to be fairly insensitive to the choice of 
scale. Other kinematic regions show increased scale dependence. 

The largest uncertainty in the structure function calculation is due to the 
charm quark mass. The same is true for the cross section as shown in Fig. 5. The 
NLO differential cross sections for charm quark production using the CTEQ4F3 
parton distribution set at ^ + 4m^ with rric = 1.35 GeV (solid) and 

nic = 1.65 GeV (dash) are shown. Mass effects are smaller at the larger transverse 
mass because they are suppressed by powers of nic/pt in the matrix elements. 
However, if the range is extended much further, large logarithms of the form 
ln(p(/m^) appear in the cross section and should be resummed. 

Before closing, we compare the NLO calculations described above with the 
most recent HERA data from HI [4] and ZEUS [5] collaborations. The mea- 
surements make use of a tagging technique wherein the D* meson kinematics 
are reconstructed using the tight constrains of the decay — >• —>• 

(Ar~7r“'')7r^Q^. In order to make the comparison, the theory prediction for the 
charm production cross sections must be converted to those of charmed meson 
production. This is done using a simple non-evolving Peterson et al. model [24] 
which depends on one parameter e which is taken from e^e“ data. The overall 
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Fig. 5. Same set of distributions as Fig. 3, but this time showing the variation with 
respect to charm quark mass, rtic = 1.35 GeV {solid lines) and rUc = 1.65 GeV {dashed 
lines ) 



cross section normalization is set by the hadronization fraction /(c — >■ D*) again 
taken from e+e” data. The four-vector for the D* is constructed from that of 
the charmed quark by smearing the the charm three-vector in the lab frame. 
The energy component is then fixed such that the four-vector has the physical 
D* mass, 2.01 GeV. 

Shown in Fig. 6 are D* meson cross sections measured by the HI collabora- 
tion [4] differential in transverse momentum p ± , pseudo-rapidity rj, reconstructed 
parton momentum fraction and momentum transfer compared to the 
NLO calculation described in the Sec. 2 plus the Peterson et al. fragmentation 
model. The shaded band corresponds to varying the charm quark mass of 1.5 
GeV by ±0.2 GeV. Overall the agreement is good, except for the pseudo-rapidity 
plot in which the theory under (over) estimates the data in the forward (back- 
ward) region. 

The ZEUS collaboration [5] has also measured D* meson cross sections 
differential in momentum transfer Q^, Bjorken x, hadronic energy W, trans- 
verse momentum pt, pseudo-rapidity p, and D* momentum fraction x{D*) = 
2|P7Pcms|/lV which are compared with theory in Fig. 7. The boundaries of the 
bands correspond to varying the charm quark mass of 1.4 GeV by ±0.1 GeV. 
Again, the overall agreement is good, but the theory underestimates the data 
in the forward region and overestimates it in the backward region. Additionally, 
the D* momentum fraction data, which is particularly sensitive to the charm 
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Fig. 6. Various differential cross sections for D* meson prodnction at HERA as mea- 
sured by the HI collaboration [4] compared to the next-to-leading order calculation 
described in the Sec. 2 plus a Peterson et al. fragmentation model. The shaded band 
corresponds to varying the charm quark mass from 1.3 to 1.7 GeV 



hadronization process, is poorly described. Similar effects are seen in the D* 
photoproduction data at HERA. 

Variations of the parton distribution set, renormalization/factorization scale, 
charm mass, or fragmentation parameter e are unable to account for the differ- 
ences between data and theory. It also appears unlikely that an evolving frag- 
mentation function would help; and the momentum transfers are large enough 
that any photon structure is surely negligible. 

One explanation [33] proposed for the photoproduction data appears to work 
for the DIS data as well. Qualitatively, one is invited to think of a color string 
connecting the hadronizing charm quark and the proton remnant which pulls 
(drags) the charmed meson to the forward region. This is made quantitative in 
the Lund String model modified for heavy flavor production [34] , as implemented 
in Pythia [35]. The shaded band in Fig. 7 shows what happens when the Peterson 
et al. model is replaced by an effective fragmentation model extracted from the 
Pythia based monte carlo RAPGAP [36]. The agreement is much improved. 

Another way to improve the agreement between data and theory is to simply 
raise the minimum pt of the events that are selected. Data from a slightly different 
decay chain, but higher minimum pt cut are shown as open triangles. Here the 
Peterson and RAPGAP improved NLO predictions give essentially the same 
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Fig. 7. Various differential cross sections for D* meson production at HERA as mea- 
sured by the ZEUS collaboration [5] compared to the next-to-leading order calculation 
described in the Sec. 2 plus a Peterson et al. fragmentation model. For the shaded 
band the Peterson et al. model was replaced by an effective fragmentation model ex- 
tracted from RAPGAP which includes a drag effect between the proton remnant and 
the hadronizing charm. The bands result from varying the charm quark mass from 1.3 
to 1.5 GeV 



results, as expected. However, a seemingly large fluctuation in the forward most 
data bin somewhat clouds this expectation. 

A number of additional studies have been done. For example, HI [4], us- 
ing the above cross sections, has extracted a NLO gluon PDF which agrees 
well with their own gluon PDF, obtained indirectly through structure function 
scaling violations, and that of CTEQ4F3. In a different approach, ZEUS [5], 
has extrapolated over the full phase space and extracted the structure function 

^charm 



In closing, the next-to-leading order calculations described herein have been 
very successful in describing charm production at HERA. A variety of different 
observables have been studied, and the gluon parton distribution function and 
the charm contribution to proton structure function have been extracted. The 
weakest stage of the calculation is, not surprisingly, modeling the hadronization 
of the produced charm to the observed charmed meson, especially at low trans- 
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verse momentum. One could take this as an opportunity to study hadronization 
in the presence of beam remnants. 
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Abstract. In this article, recent results on electro- and photoproduction of heavy 
vector mesons at HERA are reviewed. Various models for the inelastic and elastic 
production mechanisms are discussed and confronted with the measurements. Elastic 
production allows comparison of two distinct theoretical concepts, i.e. the Regge ansatz 
and models using perturbative QCD (pQCD), where the colorless exchange is modeled 
by multiple gluon exchange. While production of light vector mesons is well described 
in the Regge picture, the heavy vector meson data show clear deviations from the 
universal “soft” Pomeron prediction. Perturbative QCD, however, is able to reproduce 
the trend of the data, as well as a more general Regge fit using an additional “hard” 
Pomeron. 



1 Introduction 

One of the most striking early results from the HERA collider was the detection 
of the strong rise [ 1 , 2 ] of the proton structure function F 2 towards low values 
of the Bjorken variable x. These findings could be interpreted by a dramatic 
increase of the gluon density within the proton and provided strong motivation 
to numerous subsequent measurements of the electron-protron interaction at low 
X and low momentum transfer . In the course of these measurements a new 
class of events were (re-)discovered [3,4], namely the diffractive production of 
hadrons, both in electroproduction and photoproduction (at HERA the latter 
are defined as events with an undetected electron in the final state, emitted at 
very small angles and exhibiting very small Q'^). A surprisingly large fraction 
of the produced events showed a large rapidity gap between the produced sec- 
ondary hadrons and the outgoing nucleon, indicative for a color singlet exchange 
between the two hadronic systems. These events led to a revival of interest in 
Regge theory, more precisely in Pomeron exchange, which in the past could 
successfully describe “soft” diffractive processes in hadron-hadron and photon- 
hadron collisions. The correct prediction of the total cross section for quasi-real 
photons ( 7 *) colliding with protons (p) at HERA, which entered an entirely new 
kinematic domain, was a clear triumph for the Pomeron exchange interpreta- 
tion: Pomeron exchange is characterized by a universal trajectory, independent 
of the composition of the initial hadronic state, and predicts a slow rise of the 
total cross section with increasing hadronic center-of-mass energy W = HQ.p. 
Other data, such as the slowly rising cross sections for exclusive light vector me- 
son {p,ui, <f>) production, contributed to the strengthening of the “soft” Pomeron 
interpretation. 
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A severe blow against this consistent Pomeron picture came through the 
measurement of J/^ photoproduction at HERA which, in contrast to p photo- 
production and the soft Pomeron expectation, was observed to exhibit a much 
steeper rise[5,6] of the total cross section towards increasing W . The two above- 
mentioned phenomena, i.e. strong rise of F 2 towards low x and strong rise of 
the cross section for diffractive processes with increasing W, can however be un- 
derstood within perturbative QCD (pQCD): The rise is caused by an increased 
gluon density inside the proton as a consequence of the evolution predicted 
in pQCD. 

An even more direct path towards the gluon density within the proton is 
offered by inelastic heavy vector meson electroproduction: At HERA, this process 
is dominated by photon-gluon fusion, which is tagged as such, e.g., through the 
presence of a J /ip meson, originating from the fluctuation of the virtual photon 
emitted from the electron into a charm-anticharm quark pair. The color singlet 
nature of the J / ip in the 75 subprocess is ensured by the emission of a hard gluon 
in the final state (inelastic reaction) or by emission of a soft gluon re-absorbed 
by the partonic constituents of the proton. 

All these processes, involving heavy vector meson production at HERA, are 
extremely useful in the investigation of the detailed gluonic structure of the 
nucleon and complement nicely other analyses such as jet production or the 
development of the structure function T2. 

2 Kinematics and Experimental Procedures 

Figure 1 shows the lowest order Feynman diagram for inelastic J /ip production, 
where also the kinematics of the reaction can be defined. The process is photon- 
gluon fusion, where the (virtual) photon 7* with four-momentum q is emitted 
from the incoming electron (or positron) of four-momentum k, and the gluon 
is radiated off the constituents of the proton, the four-momentum of which is 
Pp . Besides the mass squared of the produced vector meson My , two other 
scales exist in the process, relevant for the subsequent discussions; The photon 
virtuality = —5^ and the momentum transfer squared t = [pp — pxY at the 
lower (“proton”) vertex. 




Fig. 1. Feynman diagram for inelastic vector me- 
son (e.g. J/ip) production as a boson gluon fusion 
process. The following four-vectors define the kine- 
matics: incoming proton Pp, incoming electron k, 
scattered electron k' , exchanged photon q = k — k', 
outgoing vector meson py. The hadronic center-of- 
mass energy W is given by the virtual photon, emit- 
ted from the electron, and the incoming proton: 

= (pp + gf 




Heavy Quarkonium Production 



305 



The energy y of the virtual photon, in units of the electron energy in the 
proton rest system, is given by 

9 -Pp 

y = — - 

k -pp 

The produced (heavy) vector meson V is emitted with energy fraction z ( “elastic- 
ity”) relative to the incident photon energy fraction y in the proton rest system, 
which is given by 

^ _ Pp -Pv _ ^ 

Pp -q 

The variable z can be used to separate photon-gluon fusion from resolved photon 
processes, which dominate for z < 0.2 [7]. For elastic reactions, no hard gluon is 
radiated and the hadronic system X is just the proton. In this limit the vector 
meson’s elasticity z approaches unity; z Ri 1. 

In order to measure the reaction j*p — > VX, both HI and ZEUS require 
the heavy vector meson V to be detected essentially in the central detector (HI 
also uses the backward electromagnetic calorimeter to detect J/i/i mesons de- 
caying into electron-positron pairs) . One can distinguish the following reactions 
producing a heavy vector meson in the final state: 

• inelastic production: The vector meson is produced accompanied by addi- 
tional hadrons from the hard gluon (see fig. 1). The initial proton at the 
lower vertex is transformed to a general hadronic state X. Typically, the 
elasticity for the J/tp is small, z < 0.9 but larger than about 0.2 in order 
to exclude background where the meson V is produced in the fragmentation 
chain of a quark- or gluon-initiated jet. 

• dissociative production: The vector meson is produced “elastically” (no hard 
gluon in the final state), but the proton dissociates into a state X with 
Mx > Mp and z < 1. 

• elastic (exclusive) production: The vector meson is produced truly elastically 
and the proton stays intact, z PS 1. 

3 Theoretical Concepts of Heavy Quarkonium Production 

Electro- and photoproduction of vector mesons V{= p,LO,<p, J/ip,T), i.e. ep 
eXV , provides a wealth of information on the properties of the strong interaction. 
As indicated schematically in fig. 1, one of the motivations for the study of 
inelastic production of vector mesons is the possibility to directly probe the gluon 
content in the nucleon. Processes such as exclusive vector meson production 
(ep epV), on the other hand, may be used as sensitive tools to study soft and 
hard diffractive processes and the hadronic structure of the virtual photon. While 
perturbative QCD is expected to describe inelastic vector-meson production - 
given a sufficiently large scale in the scattering process - there are two major 
theoretical concepts for the description of the diffractive reactions, i.e. Regge 
phenomenology and, again, perturbative QCD. 



( 2 ) 



( 1 ) 
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3.1 Regge Models 

High energy hadron-hadron and photon-hadron scattering display many features 
characteristic for optical diffraction, among them total cross sections slowly rising 
with the hadronic center of mass energy W and a strong (exponential) drop 
of the elastic differential cross section da/dt away from the forward direction. 
Donnachie and Landshoff[8] have found an extremely simple parameterization 
of the energy dependence of all the total and differential cross sections at high 
energies, based on the exchange of a particular Regge trajectory [9], the so-called 
Pomeron (P) trajectory ap, defined by two parameters; 

Qp(t) = ftp -(- Qp t . (3) 

The differential cross section da/dt for elastic scattering processes at low values 
of |f| is well described by a single exponential in t with a slope parameter, varying 
in a characteristic manner with the energy W : 

J • ‘ = ‘o + 2t,tln(^) . (4) 

Here, 6 q and Wo are process-dependent constants. Using the optical theorem, 
the total cross section is then given by 

W4(of^-l) 

a{W) oc j _ ( 5 ) 

0 

where the numerical value in the exponent of W results from ap = 1.08 and 
ap = 0.25GeV~^, which have been determined from fits to all available total 
cross section data[8]. 




t 



Fig. 2. Feynman diagram for elastic vector me- 
son (e.g. J/0) production within the framework 
of Regge phenomenology, exhibiting vector-meson 
dominance and Pomeron exchange. In electropro- 
duction, the hadronic center of mass energy W is 
given by the virtual photon, emitted from the elec- 
tron, and the incoming proton. 



In the framework of Regge phenomenology, electroproduction of vector-mesons 
is viewed as a two-step process as indicated in fig. 2: First, the (virtual) photon 
emitted from the electron fluctuates into a vector meson, described by the Vector- 
Meson Dominance model (VDM[10]), and the vector meson in turn scatters 
elastically off the proton, exchanging Reggeons like “ordinary” hadron-hadron 
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interactions. Based on this picture, the following predictions are made: The total 
cross section for J* p pV at high virtual-photon proton energy W rises slowly 
with W, no additional dependence on the photon virtuality is expected con- 
cerning the rise of cross section with W- The differential cross section is falling 
exponentially with t, the slope parameter b increasing logarithmically with W, 
driven by a’p = 0.25 GeV“^[ 8 ]. This feature of the differential cross section is 
called “shrinkage”: due to the increasing b the differential cross section steep- 
ens with energy, the diffractive forward peak becomes narrower, or “shrinks”. 
A further prediction of the Regge model is the complete transfer of the photon 
helicity to the final state vector meson (s-channel helicity conservation, SCHC). 
SCHC can be tested analyzing the angular distribution of the decay particles in 
the rest frame of the vector meson. 

It is well-known by now that the HERA data on J/ip photo- and electro- 
production are not described by the simple (“soft”) Regge model. A natural 
extension within the Regge phenomenology was to introduce in addition to the 
soft Pomeron trajectory ap(f) a “hard” Pomeron trajectory Qp'(f) with suitable 
parameters ap, and a'p,, so that the data can, again, be correctly described. 
Such an approach was recently proposed by Donnachie and Landshoff[l 1] . 



3.2 Perturbative QCD 

Given a sufficiently large scale such as the photon virtuality, the momentum 
transfer t, or the mass of the produced vector meson, diffractive processes can 
be viewed as mediated, to lowest order, by an exchange of two gluons (in a 
color singlet state) between a quark-antiquark pair (emitted from the photon) 
and the constituents inside the proton (see fig. 3). In models based on pQCD 




Fig. 3. Feynman diagram for elastic Jjip produc- 
tion within the framework of perturbative QCD: 
The virtual photon couples to a cc pair and two glu- 
ons in a color singlet state are exchanged, in lowest 
order, between the quark pair and the proton. The 
cc pair forms a. JI4> with a probability derived from 
the bound-state wave function. 



the reaction 'j*p Vp (the virtual photon 7 * being radiated off an incoming 
electron or positron) is viewed as a temporal sequence of three sub-processes[ 12 ]: 
First the virtual photon 7 * fluctuates into a qq pair, which then scatters off the 
proton target exchanging, in lowest order, a color singlet two-gluon system or, 
more generally, a gluon ladder. Finally the qq pair turns into a vector meson. 
Elastic (heavy) vector meson production may thus be used as an alternative way 
to probe the gluon content of the proton [13]. While in [12] only the case of high 
is considered, where the longitudinal components of the virtual photon and 
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the produced vector meson are supposed to dominate, several authors[14-16] 
have generalized this model to include also transversely polarized photons and 
vector mesons, and heavy vector meson photoproduction, the calculations being 
carried out in leading order (LO) as ln(Q^/ylq(-.j 3 ). The calculations of Frankfurt 
et al.[15] yield the following prediction for the forward differential cross section 
(the Ryskin formula[16] is similar); 



da'f P _ Uir^riiM^ 
dt aem(Q^ + 4rn2)4 



«s(Q^) ( 1 + 



1 + e 



M2 



2 din a; 
C(Q2) . 



xg{x, Q2) 



( 6 ) 



In this expression, e is the flux ratio of longitudinally to transversely polarized 
incoming virtual photons, given by 



Ft l-y + j/2/2 



( 7 ) 



At HERA, e is very close to unity. The function C{Q^) is related to the vector 
meson’s wave function and approaches unity from below for ^ oo. The 
momentum fraction Xg carried by the gluon is given by 



Q2 + M2 
^/2 



( 8 ) 



The main uncertainties in these calculations for J / ip production come from 
relativistic effects in the vector meson wave function (Fermi motion of the 
charmed quarks) and from the uncertainty of the charm quark mass. In the 
model of Ryskin the effective scale is = [Q^ + My) /A, while it is roughly a 
factor of 2 larger in the Frankfurt et al. model. 

As can be seen from eq. 6, pQCD makes a prediction for the forward elastic 
differential cross section. In order to predict the total elastic cross section, the 
slope parameter b (see eq. 4) needs to be known, for which no QCD prediction 
exists. The slope has therefore to be taken from experiment and the total cross 
section is determined by 



a' = ; — 

b dt 

Concerning inelastic heavy vector meson production, substantial progress has 
been made during the past years with the introduction of an effective field-theory 
framework of nonrelativistic QCD (NRQCD)[?]. In this approach the NRQCD 
matrix elements factorize into short-distance coefficients describing the produc- 
tion of a heavy quark- antiquark system, calculated using ordinary perturbative 
techniques, and effects from long-distance physics describing the hadronization 
of the quark-antiquark pair. The long-distance effects are parameterized in terms 
of color multiplet matrix elements (see, e.g., [18]), which can be determined from 
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experiment or, at least in principle, from non-perturbative calculus such as lat- 
tice QCD. In contrast to elastic vector meson production, the inelastic cross 
section depends linearly on the gluon density in the proton. 

Compared to previous work on heavy quarkonium production employing the 
color singlet model (see, e.g. [19] for an extensive review), the NRQCD formalism 
allows for the possibility that a cc pair produced in a color octet state may evolve 
non-perturbatively into a J/^) or a ij}' . Such color octet contributions were in 
fact successful in explaining the large J/'4> and production rates observed by 
the CDF and DO collaborations[20] at the Tevatron. 

4 Heavy Quarkonium Production 
in Deep Inelastic Scattering 

The subsequent discussion of the experimental data on heavy quarkonium pro- 
duction will concentrate mainly on the J/0. We will start with inclusive pro- 
duction and then turn to the inelastic and exclusive channels. In order to make 
meaningful comparisons of the various models introduced above with the experi- 
mental data, the separation of elastic and inelastic production of vector mesons is 
a major experimental issue; the distinction between photoproduction and electro- 
production is straightforward through the observation of the scattered electron 
in the final state. 

4.1 Inelastic Production oi J/ '4’ Mesons 

In general, the “diffractive” and “inelastic” regimes are separated by a cut in the 
variable 2 : (see eq.2). The diffractive component is expected at values of 2 close to 
unity. However, large non-diffractive contributions, most importantly color octet 
contributions, are expected [18] at high z as well, motivating a model independent 
analysis without such a cut. HI has recently published data on inclusive J/ip 
production[21] (see also [22]). The J/V" was observed in its leptonic decay modes 
and the kinematic range covered was 2 < < 80 GeV^ and 40 << 180 

GeV. The di-lepton mass spectra for two different regions of z are shown in 
fig. 4, where the inelastic component of the events was identified by a cut in 
the energy deposited close to the proton (forward) direction (fffwd > 5 GeV). 
This cut excludes the low mass excitations Mx of the nucleon and with it the 
elastic and most of the quasi-elastic diffractive events. The selection is, however, 
believed to retain the color octet contributions. It was verified by Monte-Carlo 
methods that this cut is equivalent to a cut Mx > 10 GeV. As expected, the 
inelastic component dominates at lower values of z (fig. 4a)), while the elastic 
and quasi-elastic component dominates at high z (see fig. 4b)). 

The corrected differential cross sections with respect to several kinematic 
quantities , transverse momentum squared pf ^ of the J/^, z,y* - the rapidity 
of the J/tp in the 7 *p center of mass system - and IT) are shown in fig. 5 for the 
inclusive as well as the inelastic data. For comparison, the results of a NRQCD 
calculation[18] are given, which should describe the inelastic part of the cross 
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a) 




b) 




Fig. 4. Di-lepton mass spectra for events from inclusive (points) and inelastic (his- 
togram) electroproduction of J/0 mesons as measured in the Hi experiment[21]: a) 
0.2 < z < 0.6, b) 0.6 < 2 . The curves are from fits to the signal region, convoluting a 
Gaussian with an exponential tail to account for radiation loss in the case of electronic 
decay, and an exponentially falling non-resonant background. 



sections. The predictions include contributions from the color octet states 
and ^5o, which are of order 0 (as), and from the color singlet state which 
is of order 0(a|). Note that both contributions are in leading order; the color 
singlet contribution is shown separately. The color octet contributions are found 
to dominate for all values of Q^, the leading order color singlet alone falling 
below the data by factors 2-3. The observed differences in magnitude between 
predicted and measured cross sections may be indicative of the necessity to adjust 
the color multiple! matrix elements, determined so far from the Tevatron data 
alone. The differences in shape (see e.g. the y* distribution), might be influenced 
by a relative adjustment of the matrix elements. Note also that a full prediction 
of d(T /dz is not possible at present[18] and is therefore not shown. 

One might be led to the conclusion that, like for the Tevatron data, color octet 
contributions seem required by the ep data, the color singlet contribution alone 
not being sufficient to saturate the cross sections. Still, since the calculations 
are only in leading order, one cannot yet claim the necessity for color octet 
contributions in the HERA data. 



4.2 Exclusive Production of J /tjj Mesons 

Both ZEUS[23] and Hl[21] have recently published data on exclusive electropro- 
duction of J/ip mesons, ep eVp. The (W) ranges covered are 2 < < 80 

GeV^ (25 < IT < 180 GeV) for HI and 2 < < 40 GeV^ (50 < IT < 150 GeV) 

for ZEUS. Exclusive production oi J/tp mesons is ensured in both experiments 
by requiring exactly two oppositely charged leptons in the main detector and by 
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a) b) 




Fig. 5. DifferenticJ cross 
sections for the inclu- 
sive (open points) and 
inelastic {Mx > 10 

GeV, full symbols) pro- 
cess ep — > eJjxpX for 
z > 0.2 from Hl[21]. 
The inner error bars are 
statistical, the outer bars 
combined statistical and 
systematic errors. The 
curves are leading or- 
der predictions for in- 
elastic J ! 4> production 
within the NRQCD fac- 
torization approach[18]. 
The histogram is from a 
Monte-Carlo simulation 
incorporating soft color 
interactions[24] . 



suppressing quasi-elastic (proton dissociation) events by requiring no activity in 
the forward (proton direction) parts of the detector. Residual backgrounds in the 
J /il> mass region (coming mainly from low mass proton dissociation and from 
the Bethe-Heitler process ep I'^l^p) are of order few percent and have been 
subtracted using Monte-Carlo simulations. The electroproduction cross section 
is converted to a virtual photoproduction cross section using 



(Pcr[ep —I eJ/'tjjp) 
dydQ'^ 



^ r(x{~i*p -> j/ijp) , 



(10) 



where the function F is the flux of virtual photons[25], defined by 



r = 



^em 

2'KyQ'^ 



(i + (i-yn 



( 11 ) 



W dependence: Figure 6 shows the resulting cross section measurements for 
7 *p— >J/i/jpasa function of W for various values of the momentum transfer 
in the range 2 < <5^ < 80 GeV^. For comparison, also the photoproduction 
(Q2 = 0) cross sections are shown (see also below). All cross sections exhibit 
a steep rise with W, in contrast to the corresponding data on exclusive light 
vector meson production (e.g. p electroproduction[23,26,27]) in a similar (low) 
range. Fits of the form a ~ for given yield values 6 FH 0.8 — 0.9 with 
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Q' = 0 



3,5 GeV' 
X 1/5 



10,1 GeV= 
X 1/50 



33,6 GeV" 

X 1/100 



Fig. 6. Exclusive electropro- 
duction of J/xl> mesons from 
Hi [21] and ZEUS [23], con- 
verted to virtual photopro- 
duction (see eq. 10) together 
with real photoproduction 
data (see discussion below). 
The full error bars correspond 
to statistical and systematic 
errors added in quadrature. 
The dashed-dotted lines re- 
sult from fits of the form . 
Typical values are S w 0.8 — 
0.9, with no significant vari- 
ation with Q^. The data are 
compared to various theoret- 
ical models (see text). 



typical errors of about 0.2, clearly incompatible with the “soft Pomeron” slope 
of about 0.22 (see eq. 5). The dash-dotted lines give the results of these fits. 
Although in the = 10.1 GeV^ bin a somewhat large slope (^ = 1.3 ± 0.4) is 
measured, no significant variation of the slope with is observed within the 
present precision. In addition to the phenomenological description, the full and 
dashed lines in the figure are results of calculations based on pQCD[15] using 
two different parameterizations for the gluon density inside the proton(GRV[28], 
MRSR2[29]). The absolute normalization of these predictions is sensitive to the 
mass rric of the charm quark (see eq. 6). This is indicated in fig. 6 by the length 
of the little arrows denoting the change in normalization at the point W = 200 
GeV, when me is changed from 1.4 to 1.5 GeV. 

dependence: The dependence of the cross section for -y*p J / ’4’ P in 

the W range between 40 and 160 GeV (mean value at PV = 90 GeV) is shown 
in fig. 7. At large the naive expectation from QCD (see eq. 6) would suggest 
a Q® dependence of the cross section. However, one has to take into account 
the Q"^ evolution of the gluon distribution which is known to increase strongly 
as grows, and the function C{Q^), which both reduce the dependence. 
Parameterizing the dependence in the form oc (Q^ + the J/ip 

data are well described[21] by the fit with n{J/'4) = 2.38±0.11. The dotted line 
in fig. 7 is from the pQCD model of Frankfurt et al.[15] with the MRSR2 gluon 
distribution, which was able to describe the W dependence of the total cross 
section (see fig. 6). This model also reasonably well describes the dependence. 
For comparison, the cross section for V = p is also shown in fig. 7, at somewhat 
lower W. Fitting the p data with the same dependence yields similar values 
as for the J/‘4: n{p) = 2.24±0.09 from Hl[26], in good agreement with ZEUS[23] 
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{n(p) — 2.32 ± 0.10). While the p dominates the cross section at low , the 
J/^ approaches the p with increasing . At sufficiently large [Q^ My), 
the ratio of cross sections should, according to the additive quark model, only 
depend on the electric charges of the qq state forming the vector meson, p : lj : 
<f) : J /ip = 9 : I : 2 : 8. This limit seems to be reached for > 20 GeV^. 
At very large Frankfurt et al.[14] predict an enhancement of the J /ip cross 
section, relative to the asymptotic quark model limit, by a factor of about 3.5. 
Accordingly, the J /ip cross section would overtake the p cross section by such 
an amount. The presently accessible range (up to 50 GeV^) is obviously not 
yet high enough to test this prediction. 



Fig. 7. Exclusive virtual- 
photoproduction cross sec- 
tions for J/xp {{W) = 90 
GeV) and p mesons 
{{W) = 75 GeV) as function 
of the momentum transfer 
Q^. The full lines are from 
dipole-like fits (see text) to 
the measurements. At large 
, the cross sections for p 
and J/ip approach the SU(4) 
limit of 9:8. The curves 
are from fits of the form 
(Q2 -I- resulting 

in n[p) = 2.24 ± 0.09[26] and 
n{J/ip) = 2.38±0.11[21] 



10 ' 1 10 

Q" [GeV^l 




t Distribution: Since for electroproduction events the scattered electron is 
observed in the final state, the momentum transfer t can be determined un- 
ambiguously . For |t| values below about 1 GeV^ the differential cross sec- 
tion for elastic vector meson production can be described by a single expo- 
nential fall-off away from |t| = 0, characterized by the slope parameter b (see 
eq. 4). After correcting the experimental |f| distributions for residual back- 
grounds (mainly from proton dissociation and the Bethe-Heitler process) Hl[21] 
obtain b = 4.1±0.3(stat.)±0.4(syst.) GeV“^ for the kinematic range 2 < <5^ < 80 
GeV^, 40 < IT < 160 GeV, in good agreement with the ZEUS[23] value of 
b = 5.1 ± l.l(stat.) ± 0.7(syst.) GeV“^ for the range 2 < < 40 GeV^, 

55 < IT < 125 GeV. The fits, carried out in the |t| region below 1 GeV^, are 
consistent with a single exponential for the elastic t distribution in both exper- 
iments. The statistical accuracy of the J /ip electroproduction data do not yet 
allow for a determination of b as function of IT to test shrinkage. 
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Note that the slope parameter h[J/rp) for elastic J/^ production (average 
<5^ 8 GeV^) is substantially smaller than the one for light vector mesons: For 

elastic p production[23,26] at a similar Q^, e.g., the value b{p) 8 GeV~^ is 
found. This behavior is qualitatively explained in the optical picture of scatter- 
ing, where the b parameter can be viewed as the sum of the scattering partner’s 
radii squared: b Rp + Ry. Due to the large mass of the charm quarks their 
velocities in a J/^ bound state is small as is, as a consequence of the uncertainty 
principle, the J/^ radius. The slope b is therefore given mainly by the (larger) 
radius of the proton, which is composed of light quarks. On the basis of this it 
is expected that the b slope for elastic T production will be similar to the one 
for the J /ip. 

Compared to elastic production, the b slopes for J/ip production with proton 
dissociation are smaller[22,31] by typically a factor of 2, both for heavy and light 
vector mesons. Again the “optical” picture provides a qualitative understand- 
ing: The elastic scattering is a coherent effect involving the entire proton, while 
the dissociative process is thought to proceed as quasi-elastic scattering off the 
(“smaller”) constituent quarks in the proton [32]. 

Helicity analysis: In order to disentangle the longitudinal and transverse 
virtual photon components in exclusive vector meson production, the helicity 
structure of the interaction can be investigated. This is usually done in the s- 
channel helicity frame, where the meson emission direction in the j*p rest system 
serves as the quantization axis. At given values for W and the exclusive 
production and decay of a meson V — >■ is described by three angles: 9* and 

(p, the polar and azimuthal angles of the positively charged lepton in the V rest 
system, and the angle between the production plane of the meson V and the 
electron scattering plane. The probability distribution of these three angles can 
be expressed by the spin density matrix elements or linear combinations of these 
(see, e.g., [33]). Assuming s-channel helicity conservation (SCHC), the number 
of independent angles reduces to two, where the polarization angle ^ = <p — (p 
absorbs one degree of freedom. The two remaining angular distributions depend 
on the matrix elements (bilinear combinations of the helicity amplitudes) rgg 
and r] where the lower indices denote the helicities of the vector meson in 
the bilinear combination and the upper indices are conventional [33] and refer 
to the photon helicity producing the vector meson. Integrating over the other 
respective angle, the following distributions are obtained: 

^^al + r°g^ + (l-3r°g^)cos^r 

da 1 

— OC 1 — CTi , cos2!F . 

The acceptance corrected distributions from recent HI measurements[21] of 
COS0* and are shown in fig. 8 for two ranges of . The cos^* distribution 
nicely supports the expectation of a dominating longitudinal photon polarization 
as <5^ is increased: Fits to the data from Hl[21] yield the values rgg = 0.15±0.11 
at (Q^) = 4 GeV^ and r^g = 0.48 ±0.15 at (Q^) = 16 GeV^, suggesting that the 
longitudinal component of the J / ip indeed increases with . The distributions 



( 12 ) 

(13) 
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Fig. 8. Distributions 
of cos^* (a) and b)) 
and of 'P (c) and d)) 
for the positive lepton 
from J/ip decay from 
the quasi-elastic (elastic 
plus proton-dissociative) 
process ep — >• eJ/ipX in 
the range 40 < VP < 160 
GeV, for two intervals 
in from Hi [21]. The 
inner error bars indicate 
statistical, the outer 
error bars statistical and 
systematic errors added 
in quadrature. The lines 
are the results of fits 
described in the text. 



provide measurements of = 0.50 ± 0.08 at (Q^) = 4 GeV^ and = 
0.39 ± 0.13 at (Q^) = 16 GeV^. Assuming natural parity exchange (NPE), the 
two matrix elements are related by = |(1 — r§o)- Using this relation and the 
measured values for Tqq one obtains agreement within one standard deviation 
with the direct measurement of from the ^ distributions. Thus both SCHC 
and NPE are hypotheses supported by the elastic J /tjj production data at HERA. 

Assuming SCHC to hold, the measurements of can be used to determine 
the ratio R of longitudinal to transverse virtual photon cross sections: 



/?= ^ = ^ ^00 
o-T e 1 - ■ 



(14) 



For the two Q'^ regions HI obtain the results R = at (Q^) = 4 GeV^ 

and R — 0.94 at (Q^) = 16 GeV^, compatible with the ZEUS result[23] 
of i? = 0.41 [{[g g® at (<5^) = 5.9 GeV^. Together with the photoproduction data 
(see below) the measurements suggest a rise of R, i.e. an increase of the fraction 
of longitudinally polarized virtual photons, with Q^. 

Within the above-mentioned pQCD models, R is approximately proportional 
to Q"^/My. This relation can be tested comparing p with J/ij) production with 
the result that the value for R{p) from elastic p production is found to be sig- 
nificantly larger[23,26] than R{J /tjj) from elastic J /-tp production. But R{p) and 
R{J /i>) are of the same order, when the value of is reduced appropriately in 
elastic p production to match the values of /My in both reactions. 
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4.3 Electroproduction of '0'{2S) Mesons 

Hl[21] has observed quasi-elastic production of i/>(25) in deep inelastic scattering 
using the decay channel ip(2S) J /ip tt+tt" . No separation of elastic and proton 

dissociation was possible due to reasons of lacking statistics. Qualitatively, the 
cross section ratio a{ip{2S)) / <r{J / ip) is expected to be significantly smaller than 
unity due to the smaller wave function at the origin for the ip{2S) particle (1®* 
radial excitation) compared to the J /ip. Within the range from 1 to 80 GeV^ 
the cross section ratio a{ip[2S)) / <r[J / ip) was determined and compared to pQCD 
models[14,34], which predict a rise of this ratio from 0.2 (photoproduction, see 
below) to ss 0.4 for large {Q^ !$> My), in agreement with the measurements. 

5 Photoproduction of Heavy Quarkonia 

Diffractive photoproduction is one of the classical domains for the successful ap- 
plication of Regge theory. Perturbative QCD calculations, on the other hand, are 
deprived of their “natural” scale and cannot be applied here in the usual way, 
since in photoproduction the photon virtuality does not provide a hard scale. 
However, due to the effect in the emission of photons from the incoming elec- 
tron or positron suppressing high virtualities, photoproduction events are more 
abundant at HERA compared to deep inelastically produced events, allowing for 
selection of data exhibiting an alternative hard scale. In vector meson photopro- 
duction, the mass of a produced heavy quarkonium state and/or the momentum 
transfer at the proton vertex may serve as such scales. For inelastic reactions, 
mediated dominantly by photon-gluon fusion, Regge theory cannot be applied 
but full next-to-leading order (NLO) QCD calculations exist[35]. 



5.1 Inelastic Photoproduction of Charmonium 

Both Hl[36] and ZEUS[37] have recently presented analyses on inelastic produc- 
tion oi J /ip ‘m the photoproduction limit. The inelastic component was extracted 
by a cut in z: ZEUS use 0.55 < 2 < 0.9 with a W range of 50 < W < 180 GeV, 
while HI selects 0.3 < z < 0.9 and 60 < W < 180 GeV. The data are corrected 
for the lower z cuts using Monte Carlo techniques. The differential cross sec- 
tions da/dz for both experiments (not shown) are well described by the color 
singlet model in NLO, but are not compatible with a leading order color octet 
model, as found in the ZEUS analysis. It has been pointed out[38], however, that 
the theoretical calculations contain considerable uncertainties, so that the color 
octet model based on the framework on NRQCD[?] cannot be ruled out by the 
HERA data. This should be compared with the conclusions from the electropro- 
duction data (see above), where the leading order color singlet model was not 
sufficient to describe the measurements, but, due to missing NLO predictions, 
octet contributions could still not be claimed. 

The ratio of the inelastic ip{2S) over J/ip photoproduction cross section 
was remeasured recently by Hl[36] and ZEUS[39] at photon proton center of 
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Fig. 9. Data on the total 
photoproduction cross sec- 
tion and cross sections for 
elastic vector meson pro- 
duction as function of the 
photon-proton center of mass 
energy W, for fixed target 
experiments and from the 
HERA collider. The cross sec- 
tions for hght vector mesons 
V = pjUijtp are well described 
by the soft Pomeron model, 
while J/j/) cross sections are 
rising much steeper with W. 
Statistics for T production is 
not yet sufficient to deter- 
mine the W dependence of 
the cross section at HERA. 



mass energies 60 < fP < 180 GeV (HI) and 50 < < 180 GeV (ZEUS). 

HI finds the cross section ratio to be 0.21 ± 0.06 (the error contains statisti- 
cal and systematic uncertainties), in good agreement with the ZEUS value of 
0.242 ± 0.065(stat.) _(J*"Qj^g(syst.). Comparing to similar measurements from fixed 
target experiments at typical energies W ^ IQ GeV, no dependence of this ratio 
on W can be observed within the large uncertainties. 



5.2 Exclusive Photoproduction of J/'tp Mesons 

The total cross section for elastic photoproduction of light vector mesons, jp — 1 
Vp, V = is well described within the Regge model by soft Pomeron 

exchange (see, e.g. [27]), predicting a universal, weak dependence a ~ fV° . 
This model, however, cannot accommodate heavy vector meson photoproduction 
{V = J/ip,'<P{'2S),T), as clearly established with the HERA data [40-45] shown 
in fig. 9. Fitting the cross section to the form cr ~ yields S fn 0.80, re- 
sulting from a much steeper rise of the cross section with increasing W compared 
to the universal expectation. 

As is discussed in more detail elsewhere[27], the electroproduction cross sec- 
tions for the light vector mesons also start to rise faster with W than the soft 
expectation , when the photon virtuality approaches a “hard” scale, typically 
10 GeV^. The fact that the total cross section of elastic photoproduction of J/^ 
mesons shows already “hard” behavior suggests that the hard scale is provided 
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by the mass of the heavy vector meson itself {Mjj^ ~ 10 GeV^); Perturbative 
QCD can be applied to the deep inelastic and to the photoproduction processes, 
since the relevant scale for these processes can be written [13] as 



Q^ = 



4 



(15) 



which is much larger than /Iqcd, even for photoproduction = 0) of heavy 
vector mesons such as the J /ip. 

Figure 10 shows the cross section 7P — )■ J /ip p from the fixed target exper- 
iments[46,47] and the results from ZEUS[41] and Hl[40,42] together with the 
leading order pQCD predictions of Frankfurt et al.[15], using various parame- 
terizations of the gluon distribution inside the proton, such as GRV(HO)[28], 
MRSR2[29], and CTEQ4M[48]. Note the large W range of the preliminary HI 
data[42], reaching up to IF = 285 GeV, close to the kinematic limit of HERA 
(300 GeV). These measurements have become possible through the use of a novel 
hardware trigger system at level 2, based on the neural network architecture[49]. 




Fig. 10. Total cross section 
for elastic photoproduction of 
J/ip mesons from HERA [40- 
42] and fixed target experi- 
ments[46,47]. The power law 
fit shown (full line) is for 
the HERA data alone. The 
curves are from a pQCD 
model[15] using various as- 
sumptions of the gluon den- 
sity (see text). The absolute 
normalization of the pQCD 
predictions strongly depends 
on the mass of the charmed 
quark. Note that these mod- 
els predict a “convex” shape 
in this log cr vs log W repre- 
sentation. 



While there is a large uncertainty in the absolute value of the prediction, 
depending strongly on the charm quark mass (see also fig. 6), the W dependence 
is a “hard” prediction from pQCD: The slope of the data is best described 
using MRSR2 or CTEQ4, while GRV(HO) is slightly too steep. Fitting a power 
law (cr ~ W^) to the combined HERA and fixed target data yields[50] ^ = 
0.83 ± 0.05, much steeper than the prediction of the Donnachie and Landshoff 
model using the soft Pomeron (S ss 0.22 — 0.32). A phenomenological solution to 
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this problem was offered by Donnachie and Landshoff[ll], introducing a second, 
“hard”, Pomeron trajectory ap'(t) = 1.4 + 0. It. This trajectory exhibits a much 
stronger W rise (the intercept ap;(0) = 1.4, as opposed to 1.08 from the soft 
Pomeron), and a much reduced W dependence of the 6 parameter («p/ =0.1 
instead of 0.25 GeV~^ for the soft Pomeron). A two-Pomeron fit, adjusting the 
relative contributions of the two Pomerons, is able to describe the data[50]. A 
distinctive feature of the two-Pomeron model as opposed to the pQCD prediction 
is its W dependence: While the pQCD model suggests a “convex” shape in the 
representation log<r vs logW (see fig. 10), the two-Pomeron model predicts a 
“concave” shape with an accelerated rise at the end of the HERA kinematic 
range. Within the present experimental accuracy, neither of the two shapes can 
be excluded. 

t distribution: For photoproduction, the momentum transfer t at the proton 
vertex can be approximated by the transverse momentum squared, py, of the 
Jli>. The py-distribution can then be used to fit an exponential exp(— 6|f|) for 
low values of |f| (typically |f| < 1 GeV^). The resulting b parameters are very 
close to the ones obtained from electroproduction: Hl[50], e.g., find a value 
of 6 = 4.2 ± 0.2(stat.) ± 0.6(syst.), in good agreement with the result from 
ZEUS[51], b = 4.6± 0.4(stat.) )((°'g(syst.). Statistics in photoproduction is larger 
than in electroproduction so that the W dependence of the slope parameter can 
be studied[50]: In the range 40 < W < 150 GeV five W bins were created and 
h{W) was parameterized according to eq. 4, where the shrinkage parameter aj, 
was allowed to freely vary in the fit. The result of the fit to the entire W range 
is 



b = (4.5 ± 0.2) + 4 • (0.18 ± 0.09) ■ In [GeV-^] . (16) 

Shrinkage due to the soft Pomeron model demands Op = 0.25, compared to 
0.18 + 0.09 from the fit. While the data are clearly compatible with being inde- 
pendent of W, shrinkage cannot be excluded within the present uncertainties. 



5.3 Photoproduction of T Mesons 

An even larger scale in the process jp — > Vp is provided when T mesons are 
produced [V = T). The naive expectation would suggest a rise of the cross 
section with W, even steeper than for the driven by the gluon density in 
the proton which becomes larger as Xg decreases and the relevant scale Q (here 
the mass of the vector meson V) increases. Both ZEUS[52] and Hl[53] have 
observed photoproduction of T mesons, decaying into p pairs. Due to limited 
mass resolution, the three radial excitations 7'(15’), T(2S') and T(35) cannot be 
resolved. The main source of background is the non-resonant Bethe-Heitler pro- 
cess, which is subtracted statistically. Experimentally, the sum of the products 
of the elastic T{iS) photoproduction cross sections and their respective branch- 
ing ratios 5,- into p~ is determined. ZEUS obtain 13.3 ± 6.0(stat.) g (syst.) 
pb at a mean center of mass energy of 120 GeV, the preliminary value of HI is 
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1 6 ± 8 (stat .) ± 4 (syst . ) pb at a mean center of mass energy of 1 60 Ge V . Both val- 
ues are in mutual agreement and are well described by a QCD model of Martin 
et al.[54], using parton-hadron duality. Since T photoproduction is reduced by a 
factor of about 400 relative to the J/^ (suppressed by {Mjj^lMr)^ , see eq. 6), 
it is not surprising that statistics is not yet sufficient to study the W dependence 
of the T cross section. 



5.4 Photoproduction at High Momentum Transfers 

Diffractive processes are characterized by an exponential t dependence, cr/dt ~ 
Most of the above discussions concentrated on elastic processes, exhibiting 
a steeply falling t behavior and therefore limiting the |<| reach to below ~ 1 GeV^. 
When scattering to larger |t| values is considered, an additional hard scale is 
introduced and improved QCD calculations become possible[55,56]. Calculations 
concentrating on high momentum transfers can be applied also to the lighter 
vector mesons. 

When |t| is large, the diffractive proton dissociation process is expected to 
dominate, where a gluon ladder described by the BFKL formalism[57] can be 
exchanged and predictions can be made for both the t and W dependences[55,56]. 




Fig. 11. Differential cross 
section for J/xjj photoproduc- 
tion with proton dissociation, 
as measured by Hi [58] (full 
symbols). The open points 
are taken from [6], where 
< 4 GeV^. The solid line 
represents the combination 
of a pQCD calculation[56] 
for |t| > 1 GeV^ and a 

non-perturbative model when 
|t| < 1 GeV^. The normal- 
ization was determined us- 
ing the measured cross sec- 
tion for |t| > 1 GeV^. 

The dashed line represents 
the prediction from the non- 
perturbative model when the 
full kinematic range is used. 



Both Hl[58] and ZEUS[59] have studied quasi-elastic J/ip photoproduction at 
large |f|. As in the elastic case, the |t| distribution is obtained from the measured 
of the final state J/V’, where t = — py holds to a very good approximation. As 
an example, the differential cross section dcr/dt for J/i; photoproduction with 
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proton dissociation from HI is shown in fig. 11 (full symbols), the open points are 
from elastic photoproduction[6]. Both sets of data are restricted to the kinematic 
range 30 < W < 150 GeV. A clear decrease of the slope with increasing pj. is 
observed. The solid line in the figure is the result of a pQCD calculation [56] 
in the region |t| > 1 GeV^, using a non-perturbative model for |t| < 1 GeV^. 
The prediction agrees well with the data, implying that the pQCD calculation 
describes correctly the large |t| behavior. 

According to the expectations from perturbative QCD, the diffractive photo- 
production of vector mesons at a hard scale should be, to a good approximation, 
flavor-independent and proportional to the electromagnetic coupling of the pho- 
ton to the mesonic qq state. In a ZEUS analysis[59] the large |t| behavior in 
photoproduction also of the light vector mesons (p, <^) has been studied. It is 
found that the cross section ratios (r{J/'tjj)/cr{p) and a[(f)) / (r[p) approach their 
quark model limits 8:9 and 2:9, respectively, as |t| increases. These results also 
suggest that |t|, just like and My, can play the role of a hard scale, enabling 
perturbative QCD calculations. A combination of all the three relevant scales 
may provide an interesting hard scale Q^: It has in fact been suggested[13] ear- 
lier, although limited to heavy quarkonia {J /ip) production, to use the combined 
scale = (Q^ -1- My -f |t|)/4. From the present HERA data it seems that such 
a restriction to heavy quarkonia may not be necessary. 



6 Conclusions 

HERA has provided a wealth of precise data on electro- and photoproduction of 
heavy quarkonia, giving access to the rich field of diffractive phenomena in ep 
collisions. While the diffractive processes involving light vector mesons {p,u>,<p) 
show the typical “soft” behavior, i.e. weak dependence of the cross section on W, 
well described by Pomeron exchange, the corresponding cross sections for heavy 
quarkonia [J /ip) exhibit a steep rise with W, incompatible with the soft picture. 
Another prediction of the soft Pomeron model , i.e. shrinkage of the differential 
cross section, cannot be seriously tested with heavy quarkonia at present due to 
lack of statistics. 

The W dependence of the cross sections < 7 ( 7 ^*^^ —> Vp,V = J/ip,T), how- 
ever, is explained within pQCD by the steep rise of the gluon density in the pro- 
ton with decreasing x (= increasing W). Also in contrast to the soft Pomeron 
model, pQCD does not expect shrinkage of the differential cross section. The 
hard scale necessary to justify pQCD is apparently provided by the mass of 
the heavy vector meson. This view is beautifully supported by diffractive pho- 
toproduction of J /ip, where pQCD can successfully describe the observed cross 
sections, the J/ip mass being the only hard scale in the reaction. 

While the soft, single Pomeron model is unable to account for the cross 
section rise in heavy quarkonium production, models with an additional “hard” 
Pomeron (two new parameters which need adjustment, plus the relative strength 
of the two Pomeron components) are able to describe the HERA data again. 
Also the question of shrinkage, thought to be a distinctive feature, loses its 
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importance: The hard Pomeron parameters suggest a largely reduced shrinkage 
effect. As a consequence many of the salient features distinguishing Regge models 
from pQCD predictions need largely improved statistics, such as shrinkage, the 
exact shape of the cross section as function of W (“convex” or “concave”), or 
the open question of SCHC. Future running at HERA with high luminosity will 
significantly improve the precision of the data. 

For future comparisons of theoretical models with, hopefully, statistically 
improved data one should keep in mind that many of the pQCD predictions 
for heavy quarkonium production at present are available only in leading order, 
thus precluding serious confrontation with experiment. One such example is the 
inelastic production of J/V' mesons, where the size of possible color octet con- 
tributions, apparently necessary for the Tevatron data, cannot yet be quantified 
in ep collisions: For photoproduction, the NLO color singlet calculation is able 
to describe the differential cross section dcr/dz. Additional leading order color 
octet contributions, especially at high z, would largely exceed the data. But a 
suppression of such additional color octet contributions in higher order, then 
being in agreement with the HERA data, is not excluded. On the other hand for 
electroproduction only the LO color singlet and octet calculations are available. 
Here, the color singlet prediction alone clearly undershoots the data. Due to a 
lacking NLO calculation, however, one cannot use this observed discrepancy to 
claim the necessity of additional octet contributions. 

To reach a more complete theoretical understanding along with the expected 
improvement of the experimental results would be highly desirable: One of the 
main motivations for studying heavy vector meson production in ep collisions is 
the possibility to directly extract the gluon density in the proton. This important 
additional information from the heavy vector meson sector has yet to be supplied 
and would nicely complement other analyses on the gluonic structure of the 
nucleon. 
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Abstract. The color-octet mechanism based on the nonrelativistic QCD (NRQCD) 
factorization approach in inclusive heavy quarkonium production in high energy pro- 
cesses is reviewed. As phenomenological applications, we discuss charmonium produc- 
tion at HERA and T production associated with weak gauge bosons at the LHC. 



1 Introduction 

In high energy experiments, quarkonium states, such as the char- 

monium state J /ij} and the bottonium state T, have been used as clean probes 
to study QCD. They provide an enormous suppression of the backgrounds due 
to their leptonic decay modes. For a long time, the color singlet model (CSM) 
[1,2] has been a reasonable picture to describe heavy quarkonium production and 
decay. The CSM allows for a color-singlet heavy quark pair to form a quarko- 
niuni system in the same spectroscopic state Lj. Factorization of the short 
distance process from bound state formation is assumed due to the separation 
of the two scales governing them. The short distance process is calculated in 
perturbative QCD, and the wavefunction and its derivatives at the origin, which 
involve nonperturbative physics, are calculated within potential models or phe- 
nomenological analyses. 

In the middle of the 1990’s, serious discrepancies between several experimen- 
tal results and the CSM were found, and this naive factorization approach was 
reexamined. For example, the dominant mechanism of large J/'4> production 
in pp collisions, has been found to be parton fragmentation in the framework 
of the CSM, by Braaten and Yuan [3]. This fragmentation mechanism has been 
applied to various studies on prompt charmonium production at the Tevatron 
[4], and the CDF data on prompt J/ijj production [5] qualitatively meet these 
theoretical predictions. This fragmentation picture in the CSM was not enough. 
The Ip' production rate measured by CDF was 30 times larger than the the- 
oretical prediction even after including the parton fragmentation mechanism, 
which is the so-called p>' anomaly [6]. Based on NRQCD, Braaten and Fleming 
proposed the color-octet gluon fragmentation picture as a possible scenario to 
resolve this problem [7j. They included gluon fragmentation into a color-octet 
QQ pair in the state followed by the soft transition of this pair into physical 
quarkonium. This subprocess is not allowed in the CSM, where only the color- 
singlet QQ pair in the same spectroscopic state corresponding to the 

final-state quarkonium can be hadronized into that quarkonium. As an effective 



G. Grindhammer, B.A. Kniehl, G. Kramer (Eds.): LNP 546, pp. 325-334, 2000. 
(c) Springer- Verlag Berlin Heidelberg 2000 




326 Jungil Lee 



field theory of QCD, NRQCD [8,9] was developed to describe heavy quarkonium 
production and decay in a rigorous way from the first principles of QCD. In 
NRQCD, it is allowed to make a quarkonium state from various QQ’s with color 
and spin states which need not be the same as those of the final quarkonium 
state. Among an infinite number of channels, only a few channels dominate the 
soft transition process, as may be seen with the help of NRQCD velocity scaling 
rules [8,9]. Newly introduced nonperturbative NRQCD matrix elements should 
then be fixed from experimental data. Efforts are being made to extract the 
NRQCD matrix elements from experiments to test universality. 

This talk is organized as follows. We first review the basics of NRQCD in 
the analysis of the inclusive production of heavy quarkonium. Then we discuss 
charmonium production at HERA and associate production ofT and weak gauge 
bosons at the LHC. 

2 NRQCD Basics 

2.1 Lagrangian 

By use of the mass splitting of heavy quarkonia, one may assume the velocity 
V of the heavy quark inside the system to be small, and therefore one finds the 
separation among the three important scales, heavy quark mass M, momentum 
in meson rest frame Mv and binding energy Mv^ as 

M Mv 3> where uf ~ 0.1, ~ 0.3. (1) 

The NRQCD Lagrangian is obtained from full QCD by introducing an ultravio- 



e 




Fig. 1. Typical scales of a heavy quarkonium system. 



let momentum cutoff A that is of order M , since the important nonperturbative 
physics involves momenta of order Mv ot less. One can compensate the removal 
of the relativistic states by adding local interactions to the Lagrangian order by 
order in 1/M. Due to the decoupling of particle and antiparticle in this region, 
the dynamics of the heavy quarks can be described in nonrelativistic Schrbdinger 
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field theory. Only the heavy quark part is modified from the full QCD Lagrangian 
[8,9]: 



^ — -flight -^heavy H“ (2) 

^heavy = (iDt -f V' + (j-Df — ^ X- (3) 



In LO (SC = 0), there is no spin-flip operator and this leads to approximate 
heavy quark spin symmetry (HQSS) of NRQCD. The LO NRQCD Lagrangian 
naturally allows for a color-octet term via the chromoelectric dipole (El) tran- 
sition which is included in £>^/(2M). The relativistic effects from full QCD are 
included in the correction term SC. The correction term is composed of bilinear 
terms 

(^Tbilinear = [lp^ (D^flp - ’ 

■ (t)x) , (4) 

which describe further details of low energy physics, and four-fermion interaction 
terms 



SC 



4— fermion 



E 









XX 



fhM ( A\ 



.(5) 



The former represent the heavy quark pair annihilation into light hadrons while 
the latter describe the electromagnetic annihilation in NRQCD. The short dis- 
tance scale physics is included in the coefficient /,f ^ . The bilinear part includes 
all the higher dimensional operators coming from the expansion in the heavy 
quark velocity v. Here we find the spin-flip operator cr in the chromomagnetic 
dipole (Ml) transition. 



2.2 Velocity Scaling Rules 

The velocity scaling rules [8,9] classify the importance of each term in the 
NRQCD interaction Lagrangian in powers of v'q. For example, the most im- 
portant channels oi J/ijj production can be classified as 

(cc)(35p^) -> J/iP : (Elf : x (cc)(35|^^ ^ J/rP), 

(cc)(i5f ) ^ : (Ml)i : n" x (cc)(35j'> -> J/^), (6) 

(cc)(3pf )) ^ J/4, : (if 1)1 : X (cc)(^sW ^ J/^). 

Note that is further suppressed by in addition to the El transition 

factor , since the operator itself has a covariant derivative. If we only consider 
the long distance part, the color singlet matrix element dominates over the color 
octet ones. Therefore the color octet mechanism dominates over the color singlet 
channel only when the short distance coefficient for the octet channel is large 
enough to compensate the suppression in the long distance factor. 
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2.3 Factorization and Matching in Inclusive Heavy Quarkonium 
Production 



Factorization in the inclusive heavy quarkonium production rate comes from 
the idea that the probability of forming a bound state from a heavy quark pair 
produced in a short distance process is significant only if the corresponding 
production points are separated by a distance of order 1/M or less [9], Then the 
production rate of the heavy quark pair within a distance scale of order 1/M is 
factored out from the formation of the bound state with distance scale of order 
\/[Mv) or larger. The latter is accurately described by NRQCD. The vacuum 
expectation value of a four-quark operator describes the transition rate of the 
long distance process. 



1 

L J 




Fig. 2. Diagram representing the NRQCD color octet matrix element. 



As shown in Fig. 2, the operator creates the heavy quark pair at a spacetime 
point and propagates into the asymptotic future, where the final state includes 
the heavy quarkonium state, and then propagates back to the creation point. 
The factorization formula of inclusive quarkonium H production is then given 

by [9] 



<r{H) = Y. 

n 



Fn{A) 

]\/f 



(0|C?f(A)lO), 



( 7 ) 



where is the short distance coefficient, which is infrared and collinear finite, 
and is the four-quark operator of the inclusive production mentioned above. 
The factorization scale A is of order of the heavy quark mass M. The most 
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important operators in 1 quarkonium production are given by 
0f (^5i) - x^o-'ip 

O^eSo) = («L«h) 

O^eS,) = xV“T‘^V> (4 «h) V-V*T“x, (8) 

O^CPo) = Ix^cr^D^T^rP (aj^a^) i^^a^D^T“x, 

= EEl" + -^H'^ + ^l’ 

X mj 

where the sums are over the spin states of H and over all other final states. 
The scale dependence of each matrix element is canceled after summing over 
all the contributions. Expanding the perturbative QCD amplitude in v, one can 
find out the partial wave amplitudes with NRQCD operators. In this matching 
procedure, one can extract the short distance coefficients Fn. 

3 Quarkonium Production at HERA 

After the color-octet mechanism was applied to high px ip' production via gluon 
fragmentation at the Tevatron [7], studies of J /ip production including the color- 
octet mechanism were activated. Cho and Leibovich considered a large class of 
color-octet diagrams which can contribute to J/ ip production at hadron colliders 
[10], below the region where fragmentation is dominant. The same approach 
has been used in inclusive photoproduction of J/ip [11,12]. In the region where 
gluon fragmentation does not dominate, two more NRQCD color-octet matrix 
elements, Sq)) and Pq)) , contribute significantly. Unfortunately, 

they appear in a linear combination, and this makes it difficult to determine their 
numerical values separately. Furthermore, the results obtained from the Tevatron 
data [10] are not appropriate to explain the photoproduction data [11,12]. The 
energy distribution of the produced J/ip meson is one of the most important 
measurable quantities in this process. While the CSM is enough to explain the 
data in the lower z region [13,14] {z is the J jip energy fraction of the initial 
photon in the proton rest frame), the data in the higher z region region [z < 
0.8 ~ 0.9), where color-octet contribution is suppressed, was not well explained. 
The diverging behavior of the contribution in the higher z region due to the 
color-octet mechanism seemed to be troublesome. However, Beneke, Rothstein 
and Wise showed that the NRQCD expansion may lead to a breakdown near 
the boundaries of phase space [15]. Further analysis on this end point region 
dynamics would give a clearer explanation of the J/ip energy distribution in 
the high z region. Fleming and Mehen [16] suggested that the leptoproduction 
analysis could avoid the end point region ambiguity. In the high region of 
leptoproduction, the corrections coming from the non-relativistic approximation 
of the quarkonium phase space become negligible [16]. They also predicted the 
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polarization of J/^ in leptoproduction. But the data sample is not sufficient 
to confirm their predictions yet [17]. Recently, Kniehl and Kramer took into 
account HO QCD effects [18] due to the multiple emission of gluons, which had 
been estimated by Monte Carlo techniques [19]. As a consequence, the excess of 
the NRQCD prediction at z close to unity over the HERA data disappeared. So, 
the complete NLO analysis on this process is called for. 



4 pp -> r + w/z + X 

The associated production of a or boson and a. J/ ip meson has been 
studied previously, but only for J/ip’s with large transverse momentum, where 
the process is dominated by gluon fragmentation into J j ip [20] . The differential 
cross sections for + J O’ and Z° + J/ip peak at small transverse momentum 
of the J/ip. Because the mass of the T is larger than that of the J/ip by a 
factor of 3, the cross sections for + T and Z^ +T are much smaller than 
those for and Z° + J/i^- However the larger mass of the T makes 

it possible to observe the leptons from its decay, even if the T is produced at 
small transverse momentum. It is therefore possible to measure the total cross 
sections for + T and Z'^ + T. 

Let us consider the production of j Z -\-T at a hadron collider. The 2 — > 3 

parton processes that produce jZ -\-hh are shown in Fig. 3. The cross sections 



Production in Hadronic Collider 



u 



u 



d W' 



1(a) 



u 



d 




1(c) 



1(b) 





1(0 




1(g) 



Y+Z Production in Hadronic Collision 




9 



9 



'h. 



b 

b 



+ permutations 





2(b) 



2(c) 




Fig. 3. 2 — >■ 3 parton processes that produce jZ + 66. 



for the production of + T and Z^ + T in pp collisions at the LHC with 
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center-of-mass energy 14 TeV are [21] 



'^<r{W^^r) = lOfb 
± 



8 GeV® 



+ 



4000 fb 



E 5(08^51)) 

0.4 GeV^ ’ 



a{Z° +r) 



= 500 fb 



8 GeV^ 



+ 



1300 fb 



T.B{Os{^S,)) 

0.4 GeV^ 



( 9 ) 

( 10 ) 



where E ^(^i,s(^5'i)) includes the feed-down processes from higher bottonium 
states as well as direct production of T. Their numerical values are estimated [21] 
as shown in the denominator. The leading order GRV-94 parton distributions are 
used, and the factorization and renormalization scales are set equal. We neglect 
the masses of the u, d, s, and c quarks, and we use the value 4.7 GeV for the 
b quark mass. The theoretical error due to unknown higher order perturbative 
corrections can be estimated by varying the factorization and renormalization 
scales by a factor of 2 and is roughly 35%. The theoretical error due to the 
uncertainty in the b quark mass can be estimated by varying by 0.25 GeV 
and is roughly 25%. With an integrated luminosity of 10 fb“^, the number of 
events in the purely leptonic decay channels should be about 440 for -f T 
and about 70 for + T. Even after allowing for detector acceptances and 
efficiencies, there should be enough events to make these processes observable. 
In Fig. 4, we plot the invariant mass distributions da/dMwr (summed over 
W^) and d(T / dMzr ■ They peak at only a few GeV above the thresholds at 89.8 
GeV for +T and 100.6 GeV for +T. The cross sections for -f T and 
Z°+T are both dominated by the {Osi^Si)) term. While the color-singlet matrix 
element is accurately normalized by the leptonic decay width of the T, there is 
a large uncertainty in the normalization of the color-octet matrix element. The 
uncertainty in the value of Y2 B{Os{^Si)) leads to a substantial uncertainty in 
the normalizations of the cross sections. However, this uncertainty cancels in the 
ratio a[W^ -\-T) / a[Z^ -\-T) , which is predicted to be about 3 at the Tevatron 

and about 2 at the LHC. If a significant deviation from this prediction will be 
observed at the LHC, this might be evidence for an additional contribution from 
a heavy particle that decays into + bb or Z^ bb. 

The processes of + T and Z^ + T production provide lamp-posts under 
which one can look for new physics. The most promising possibility is to search 
for a charged Higgs via the decay — >■ -|-T. The decay rate of the charged 

Higgs into W -\-bb is enhanced by the Yukawa coupling of the Higgs to a virtual 
top quark. If the mass of the charged Higgs is in the range between 140 GeV and 
the tb threshold and if the Higgs mixing parameter tan/3 is small, then W + bb 
may be the largest single decay mode [22]. The decay rate of the charged Higgs 
into W + T was first calculated by Grifols, Gunion, and Mendez [23]. For small 
tan^d, the branching fraction B[H'^ — )■ W*" -f T) ranges from about 10“'* if the 
Higgs mass is just above the VF+ + T threshold to about 10“® if the Higgs mass 
is just below the tb threshold. 

In a hadron collider, most of the standard production mechanisms for a 
charged Higgs in the mass range below the tb threshold involve the production 
of an additional very massive particle [24] . The standard production mechanisms 
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M (GeV) 



Fig. 4. The invariant mass distributions da/dMwr (summed over and dajdMzr 
ofpp^T + WjZ + X at the LHC. 



for include it production followed by the decay t — > H'^b, production, 

W~ H'^ production, and H~ H'^ production. Because of the additional very mas- 
sive particle, events in which a charged Higgs decays into W + T will be easily 
distinguished from W + T events produced by Standard Model processes. There 
is one potentially significant production process for a charged Higgs that could 
result in events that resemble Standard Model W + T events. That process is 
qb — >■ q'hH'^ , which proceeds through a Feynman diagram that involves a virtual 
W boson and a virtual top quark [25]. 

5 Conclusion 

The introduction of the color-octet mechanism made it possible to explain the 
enormous surplus in unpolarized ip (IS, 2S) production at the Tevatron. At HERA, 
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one still cannot definitely say whether NRQCD is working or not since NRQCD 
loses its predictive power in some kinematic region. High leptoproduction 
oi J/ Ip proposed by Fleming and Mehen might give a more concrete answer to 
this. Associate production of T and weak gauge bosons at the LHC might be a 
lamp-post under which one can probe a charged heavy resonance. 

Within NRQCD, one can also predict the polarization [26] of heavy quarko- 
nia. Polarization predictions for direct ip and tp' production at the Tevatron are 
already known [27]. But the first experimental result for polarized production at 
the Tevatron would be that of prompt ip, which includes cascade effects so that 
one needs to include the feed-down effect. Further test of polarized quarkonium 
production at the Tevatron will be one of the most important tests of NRQCD 
in the near future. 
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Abstract. Recent results from HERA on exclusive vector meson production are re- 
viewed. The diffractive reaction ~f*p — >■ Vp (V = p° , has been measured at photon- 
proton centre-of-mass energies 20 < fU < 160 GeV, for photon virtualities < 60 
GeV^ and for jt] up to 11 GeV^, where t is the square of the four- momentum trans- 
ferred at the proton vertex. The ~f*pi Vp cross section as a function of W, and 
t is presented. The polarisation properties of the produced at low and high are 
discussed. The data are compared with perturbative QCD calculations. 



1 Introduction 

A detailed description of results on the diffractive production of the vector 
mesons by real and virtual photons is available in [1,2]. 

1.1 Kinematics 

Figure 1 shows a schematic diagram for exclusive vector meson production in 
the reaction ep — f epV , where V stands for a vector meson w, (f>, Jj'ip...). 

The kinematics of this reaction is described by the following variables; 

• the negative of the four-momentum squared of the exchanged photon, — 

— (fc — where k(k') is the four-momentum of the incident (scattered) 
electron; 

• the centre-of-mass energy of the photon-proton system, W = \/(q + P)^, 
where q and P are the four-momenta of the exchanged photon and the 
incident proton respectively; 

• the Bjorken variable y = pq/pk] 

• the four-momentum transfer squared at the proton vertex, t = {P — P')"^ , 
where P' is the four-momentum of the scattered proton; 

• the angle between the vector meson production plane and the electron scat- 
tering plane, 

The kinematics of the vector meson decay (in the following only two particle 
decay is considered) is described by the polar angle 0 and the azimuthal angle 
(f) in the s-channel helicity frame [3], in which the quantisation axis is defined as 
the direction of the momentum of the final-state proton in the V rest frame. 
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Fig.l. Schematic diagram for exclusive vector meson production 



1.2 Cross section 



The cross section of exclusive vector meson production from virtual photons 
has contributions from longitudinal (helicity 0 state) and transverse (helicity ±1 
state) photons. The differential electron-proton cross section is related to the 
virtual longitudinal and transverse photon-proton cross sections cr^ ^ and uj 
as; 

^ = + (1) 

with the flux of transverse photons given by 

Oem 1 + (1 — y)'^ — 2(1 — y)Q'^ijJQ'^ , . 

'^" = '27 



and the polarisation parameter e defined as 



2(1 -y) 

1 -b (1 - y)2 - 2(1 - y)Q'i,iJQ'^ ’ 



( 3 ) 



where Qmin — f^\y^ ji}- ~ v) is the minimum kinematically allowed value of . 
In the kinematic region covered by the HERA data the value of the polarisation 
parameter e is close to unity. The virtual photon-proton cross section, P = 
crj ^ -f ecrj be related to the total cross section, ct^qt — ^ "h 

through the relation: 



^7 P 
'TOT 



i + R 
1 + eR 



r7 P 



( 4 ) 



where i? = cr^ ^/crj ^ is the ratio of the longitudinal and the transverse cross 
sections. 
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1.3 Decay angular distributions 

The decay angular distributions for the reaction ep — !► ep°p can be written as [3]; 

W (cos 0,^,0) = ^ i(l - r°^) + _ 1 ) 008 ^ 0 

— \/2Re{rJo} sin 20 cos (j) — sin^ 9 cos 2^ 

— ecos 24>(rli sin^ 9 + r^g cos^ 9 — \/2Re{r{Q} sin 20 cos (f> — r\_^ sin^ 0 cos2^i!i) 

— esin 2#(A/2Im{rjg} sin 20 sin 0 + lm{rj_j} sin^ 0sin2<^) 

+ \/2e(l + e) cosc?(rij sin^ 0 + rggcos^ 0 
-V2Re{r®o) sin 20 cos ^ sin^ 0 cos 2(j)) 

+ iy2e(l + e) sin<?(-\/2Im{rfQ} sin 20 sin^ + Im{ri_i} sin^ 0sin2(/i) . (5) 

The spin-density matrix elements r?- are the combinations of the helicity 
amplitudes T\^\ (the nucleons helicities are omitted), where \v and are the 
helicities of the vector meson and the photon respectively. 

The assumption of helicity conservation in the photon-proton centre-of-mass 
frame (SCHC) reads: 

T\^x^ = Tx^Xy^XvXy- (6) 

Under this assumption all matrix elements except Tqq, Im{ri_i}, Re{r®g} 

and Im{r®o} are zero. The remaining matrix elements are related via: 

rl_i +Im{rJ_J = 0, (7) 



Re{r^o} -hIm{r?o} = 0- (8) 

The angular distribution in the case of SCHC depends on two angles, 0 and 
ijj — (f) — 

W{cos9,ij) = ^ i(l - -h ^(3rg^ - l)cos^0 

sin^ 0COS 2'0 — 2v''^e(r^h7yRe{r®g} sin20 cos . (9) 




( 10 ) 
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1.4 Theoretical models 

Exclusive production of light vector mesons has been studied in a wide range 
of W and in fixed target experiments [1,4] and at HERA [5,6]. For W > 
10 GeV and at low photon virtuality these reactions have the characteristics 
of a soft diffractive process: a cross section rising weakly with the centre-of- 
mass energy, a sharp forward diffractive peak in the differential t distribution 
and s-channel helicity conservation (SCHC). These features are well described 
within the framework of Regge phenomenology [7] and the Vector Dominance 
Model (VDM) [8,9]. In this approach the energy dependence of exclusive vector 
meson production at high energies is determined by the exchange of a Pomeron 
trajectory: 



^ oc 
d\t\ 



\ 2(a(0“l) 

wi) 



( 11 ) 



where the Pomeron trajectory is parameterised as a[i) = a(0) + a't = 1.08 + 
0.25< [10]. The W dependence of cross section in the HERA kinematic region 
can approximately be parameterised by a simple power behaviour, , where 
6 ~ 4(a(0) — a' /b — 1). The slope of the differential t distribution depends on 
the energy as 6 = 6 q + 2a'ln{W'^ /W q). 

The same approach fails to describe the energy dependence of the cross section 
for elastic J/tp photoproduction measured at HERA [11]. The rapid rise with 
energy of the elastic J/xp photoproduction cross section is consistent with a 
perturbative QCD calculation [12]. The hard scale for this reaction is given by 
the charm quark mass. 

The hard scale can also be provided by the photon virtuality . Exclusive 
electroproduction at high values of has been the subject of many theoret- 
ical investigations (see e.g. [13-18]). The main prediction of the perturbative 
QCD models is a fast increase of the cross section with W, connected with the 
evolution of the gluon density of the proton xg[x, Q^). The dependence 
for the longitudinal vector meson production, which dominates at high , is 
~ !Q^ ■ The QCD models predict also universal, flavor and 

energy independent, t dependence for this exclusive diffractive process. 

Recent calculations of the helicity amplitudes for the reaction 7 *p — > p°p, per- 
formed in the framework of perturbative QCD [19-21] predict small violations 
of SCHC. The largest helicity non-conserving amplitude is expected to be Toi, 
which describes the production of longitudinally polarised vector mesons from 
transverse photons. 
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2 Results 

2.1 The W dependence of the i Vp cross sections 

Figure 2 shows the energy dependence of elastic w, <j> and J/^ photopro- 
duction ~ 0 GeV^) cross sections measured at HERA and fixed target 
experiments. The W dependence of the cross section for light vector meson pho- 
toproduction is well parameterised at high energy as cr'^P oc with S ~ 0.22. 
This weak energy dependence is in agreement with the ’soft’ Pomeron parame- 
terisation of eq. (11). 




Fig. 2. The energy dependence of the total photoproduction and vector meson photo- 
production cross sections for fixed target and HERA experiments. 

In contrast, the rapid rise with energy of the elastic photoproduction cross 
section is consistent with a perturbative QCD calculation [12]. 

The W dependence of the exclusive p° production cross section at different 
values of is shown in Fig. 3. The lines represent the result of a fit to the data 
with a function of type <j oc . The results of the fit are summarised in Fig. 
4. As can be seen from Fig. 4, the W dependence of the cross section for the 
reaction ^ Rp is consistent with the ’soft’ Pomeron approach at low values 
of . In the region of high Q^, where QCD based models predict a steeper cross 
section dependence on W, there is an indication that the rise of the cross section 
becomes faster. 
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Fig. 3. The energy dependence of ex- 
clusive p° production cross sections for 
different values of Q . The lines repre- 
sent the function <7 oc fitted to the 
data. 




Fig. 4. The values of <5 as a function of 
for exclusive production of p° and 
mesons. 



2.2 The dependence of the 'y*p —^Vp cross sections 

The cross section for exclusive p° production as a function of is shown in Fig. 
5. The dependence of the j*p — p^p cross section is well described in a wide 
range of by the function da/dQ^ oc 1/ (\+Q^ / Mp)'^ , with n — 2.28±0.06. The 
curves shown in Fig. 5 represent the predictions of QCD [17,18] and Generalized 
VDM [9]. 

Figure 6 shows the ratio of the (f> and u> production cross sections to that for the 
meson as a function of Q^. The ratios in the high region are consistent 
with the prediction of QCD models. 



2.3 The t dependence of the -y*p —¥ Vp cross sections 

The exponential t dependence of the 'y*p Vp cross section is a typical charac- 
teristic of diffractive processes. The slope parameter 6, which is related in optical 
models to the sizes of the interacting particles, is expected to depend on the pho- 
ton virtuality. Figure 7 shows the slope parameter for exclusive p production as 
a function of Despite large statistical errors of the experimental data these 
results indicate that the slope 6 decreases with , approaching the value of 
6~ 4-5 GeV-2, 



The slope parameter also depends on the vector meson mass. The value of b 
is [5,11] 9.8 ± 0.8(stat) ± l.l(syst) GeV“^, 7.3 ± l.O(stat) ± 0.8(syst) GeV~^ and 
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Fig. 5. The dependence of the ex- 
clusive production cross section. The 
curves represent the predictions of the 
QCD models [17,18] and Generalized 
VDM [9], 

4.0 ± 0.4(stat)lg;®(syst) GeV“^, for photoproduction of p°, (f> and J/ij) mesons 
respectively. 

The differential t distribution at low |t | is well described by Regge phenomenology 
assuming that the exchange of the Pomeron trajectory dominates at high enough 
energies. The parameters of the Pomeron trajectory can be measured by studying 
the energy dependence of da/dt at different t values (see eq. 11). Figure 8 shows 
the W dependence for the elastic photoproduction cross section at fixed t 
values. The resulting Pomeron trajectory, shown in Fig. 9, is a{t) = (1.096 ± 
0.021) -F (0.125 ± 0.038)f. 

2.4 Decay angular distributions 

The analysis of vector meson decay distribution provides important information 
about helicity properties of the reaction — > Vp. In the case of unpolarised 

beams, the angular distributions are determined by 15 spin density matrix ele- 
ments (see eq. 5), which are the combinations of the helicity amplitudes 
The full set of spin density matrix elements has been measured for exclusive 
p^ production. The most significant deviation from the expectation of SCHC 
is observed for the matrix element rgg. This matrix element is proportional 



Fig. 6. Ratios of (j> and ui cross sections 
to that for the p° meson as a functions 
of 
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Fig. 7. The slope parameter b as a function of for exclusive p° production. 



to the interference between the helicity non-flip amplitude Tqq and the helic- 
ity single-flip amplitude Tqi. The size of this effect can be quantified by the 
ratio of the helicity single-flip amplitude to the helicity conserving amplitudes 
\Toi\/^/\Too\^ + |TiiP, which gives (8 ± 3)% [6]. 

Figure 10 shows the 15 spin density matrix elements as a function of . The 
results of the QCD based calculations [20,21] shown in Fig. 10 are in good 
agreement with the data. The ratio R — crj^ ^ /<^t calculated according to eq. 

10 (neglecting small violation of SCHC) , is displayed in Fig. 11 as a function 
of for exclusive production. The curves represent the predictions of the 
QCD [17,18] and Generalized VDM [9]. Fig. 11 shows that the longitudinal 
photon-proton cross section dominates at large and that the non-linear rise 
of R can be reproduced by the theoretical models. 

3 Conclusions 

• The energy dependence of the light vector meson production cross section 
exhibits a slow rise with W at low values of Q^. There is an indication that in 
the region of high this rise becomes faster, in agreement with predictions 
by QCD models. The cross section for exclusive J/ijj production shows a 
steep rise with W already a low photon virtualities. 

• The dependence of the j*p p°p cross section is well described (for > 
1 GeV^) by the function da / dQ'^ oc 1/(1 -|- Q'^ /Mp)'^, with n = 2.24 ± 0.09. 
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dff/dt(-yp-4p®p) 




WIGeV] 

Fig. 8. Cross section for elastic pho- 
toproduction as a function of W at dif- 
ferent values of t. The W dependence 
is fitted by dcr/dt oc . 



7 p -) (j“ p 




t(GeV') 



Fig. 9. The Pomeron trajectory deter- 
mined from the reaction 7 p —7 p°p. The 
dots are the values of the trajectory at 
a given t as determined from figure 8. 
The full line is the result of a linear fit 
to these values. The Pomeron trajec- 
tory given in [10] is shown as the dashed 
line. 



The ratios of the and ui production cross sections to that for the meson 
are consistent in the high region with the predictions of QCD models. 

• The t distribution for the exclusive vector meson production is well param- 
eterised by an exponential dependence . The slope parameter 6 decreases 
with Q^. The Pomeron trajectory, determined from the reaction of elastic 
p° photoproduction, is a[i) — (1.096 ± 0.021) -|- (0.125 ± 0.038)f . 

• The full set of spin density matrix elements measured for exclusive p° pro- 
ductions shows a small deviation from the SCHC hypothesis. The ratio of 
the longitudinal and transverse photon-proton cross sections exhibits a non- 
linear rise with . The theoretical models reproduce this behaviour. 
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Fig. 10. The 15 spin density matrix elements as a function of . The full curves are 
the prediction of Ref. [20], the dotted curves the prediction of Ref. [21]. The dashed 
lines indicate the expectation of SCHC. 
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Fig. 11. The ratio of the longitudinal and transverse photon-proton cross sections as a 
function of . The curves represent the predictions of the QCD [17,18] and Generalized 
VDM [9], 
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Theory of Elastic Vector Meson Production 



Thomas Teubner 

Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, D-22607 Hamburg, 
Germany 



Abstract. The elastic production of vector mesons at HERA is discussed from the 
theoretical point of view. We briefly review different models, their successes and short- 
comings. Main emphasis is put on recent issues in perturbative QCD calculations. Mod- 
els including the vector meson wave function are compared with an approach based on 
parton-hadron duality. We discuss several refinements of these models in some detail, 
including the important role of off-diagonal parton distributions. 



1 Introduction 

Why are we interested in elastic vector meson production? First of all the process 
7 *p —>■ Vp provides us with well distinguishable experimental signals in a wide 
range of the j*p c.m. energy W, the virtuality of the photon Q^, and the mass 
of the vector meson My ■ Quite some data are already available for V = p,(p and 
J /'I', and even for the heavy T first measurements were published recently.^ In 
the future the range in and W and the precision of the data will increase. 
This enables us to study vector meson production in detail in the very interesting 
regime where the transition from soft to hard QCD dynamics is expected (and 
already seen) to take place. In addition, there is hope to make use of the high 
sensitivity of this process on the gluon distribution xg[x,Q ) in the proton to 
constrain this quantity at small values of x better than through other processes. 

In the following we first sketch the basic picture of elastic vector meson 
production. In Section 2 we briefly discuss different theoretical models which 
are not based on the two gluon exchange picture which is then introduced in 
Section 3. There, starting from the basic leading order result known for a long 
time, we develop corrections which improve the leading order formula. In Section 
4 recent issues in pQCD calculations as off-diagonal parton distributions, the 
influence of the vector meson wave function and an alternative approach using 
parton-hadron duality are discussed. We mainly concentrate on diffractive p 
meson electroproduction, but the presented perturbative model is also successful 
in the case of ,//>F and T. Section 4 contains our conclusions and outlook. 

1.1 The basic picture 

In Fig. 1 the basic picture for the process 7 *p — >■ Vp is shown; first the pho- 
ton with virtuality = —q^ fluctuates into a quark-antiquark pair. This qq 

^ For the discussion of experimental results on the production of light and heavy 
quarkonia see [1-3] and references therein. 
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fluctuation then interacts elastically with the proton p, where the zig-zag line 
represents the (for the moment unspecified) elastic interaction with the proton. 
The 7 *p centre-of-mass energy is denoted by W, 

W^^{q+p)\ ( 1 ) 

whereas 

t = ip-pr ( 2 ) 

is the four-momentum transfer squared. (In the following we will mainly restrict 
ourselves to the case of small t.) The shaded blob at the right stands for the 
formation of the vector meson V, which, to leading order, has to form from the 
qq pair with invariant mass squared My - It is important to note that at high 




Fig. 1 . Diagram for the elastic production of a vector meson V in 7 ’p collisions 



energy W corresponding to small values of x, 



the timescales involved in the problem are very different:^ the typical lifetime 
of the 7 * qq fluctuation as well as the time for the formation of the vector 
meson V are much longer than the duration of the interaction with the proton, 
i.e. Tqq^v 1 §> Tf . Therefore the basic amplitude factorizes, as sketched 

already in Fig. 1, into the qq fluctuation, the interaction amplitude Aqq+p and 
the wave function of the vector meson V , 

A[l*P Vp) - ijPqq ® Aqq+j, ® i^qq , (4) 

and the process becomes calculable within various models.® Formally it has been 
shown that for larger than all other mass scales in the process there is fac- 
torization into a hard scattering subprocess, non-perturbative (and off-diagonal, 
as will be discussed later) parton distributions and the meson wave function 

^ This definition for x, which is often called ^ or xjp, is common in diffractive physics 
and should not be confused with the ordinary Bjorken-a:, xsi = j{Q^ -f- W^). 

® For a more detailed discussion of the ordering of the timescales see e.g. [4]. 



- Q2 -P ’ 
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[5], This strict proof of factorization holds for longitudinally polarized photons, 
whereas meson production through transversely polarized photons is shown to 
be suppressed by a power of Q. 

Let us now turn to the discussion of different models for the 7 *p interaction. 



2 Some non-perturbative models 

The following short section is far from being a review of this rich field, but is 
intended to give a hint at some non-perturbative models, which contrast the 
perturbative description of diffractive scattering, which is the main subject of 
this article. 

• We will not cover approaches based on vector meson dominance (see e.g. [6]). 

• For Regge-phenomenology-based models of (one or two) Pomeron exchange we 
refer the reader to [7]. 

• The model of the stochastic QCD vacuum 

Dosch, Gusset, Kulzinger and Pirner [8] have developed a model of the interac- 
tion with the proton, which is similar to the semi-classical model of Buchmiiller 
discussed in [9] in the context of inclusive diffractive DIS. This model, originally 
used for hadron-hadron scattering, leads to linear confinement and predicts a 
dependence of the high-energy scattering on the hadron size. It gives a unified 
description of low energy and soft high-energy scattering phenomena. Dosch et 
al. approximate the slowly varying infrared modes of the gluon field of the pro- 
ton by a stochastic process. Via a path integral method they average over all 
possible field configurations. For the splitting of the photon into the qq pair 
and for the description of the vector meson they use light cone wavefunctions. 
Within their model they are able to calculate the dependence of the cross 
section, as well as the dependence on the momentum transfer t, da/dt, and the 
ratio of the longitudinal to the transverse cross section, L/T, where longitudinal 
and transverse refer to the polarization of the photon. Their results are in fair 
agreement with experimental data. There is no prediction for the W dependence 
of the cross section. 

• Rueter has extended the model of Dosch et al. to also describe the W depen- 
dence of the cross section [10]. He achieves this by using a phenomenological 
model based on the exchange of one soft and one hard Pomeron, each being a 
simple pole in the complex angular momentum plane, similar to the Donnachie- 
Landshoff model [7]. For the very hard components of the photon fluctuations 
he treats the interaction perturbatively and achieves a good description of the 
experimentally observed transition from the soft to the hard regime. 

3 The two gluon exchange model 

To leading order in QCD the zig-zag line in Fig. 1, which stands for the elastic 
scattering via the exchange of a colourless object with the quantum numbers of 
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the vacuum, can be described by two gluons. If the scale governing the (trans- 
verse) size of the photon fluctuation is large compared to the typical scale of 
non-perturbative strong interactions, i.e, if 

O'" ^ ^QCD ! (5) 

then the coupling of the two gluons to the qq fluctuation can be treated reliably 
within perturbative QCD (pQCD). Another kinematic regime, where pQCD is 
applicable, is high-< diffraction. There the hard scale which is needed to ensure 
the validity of the perturbative treatment is given by the large value of the 
momentum transfer t, and one expects high-f diffraction to be a good place to 
search for the perturbative Pomeron [11]. 

It has been shown some time ago that due to the factorization property of the 
process the coupling of the two gluons to the proton can, in the leading logarith- 
mic approximation, be identified with the ordinary (diagonal) gluon distribution 
in the proton [12-14]. We will come back to this point later when discussing the 
importance of off-diagonal gluon distributions. 



3.1 The basic formula 



The basic leading order formula for diffractive vector meson production is given 

by [12,13] 



^ h*p vp) 



t=0 



48a 






2 1 * 

xg(x,Q ) 



1 + 



M2 



( 6 ) 



where a is the electromagnetic coupling and the gluon distribution is sampled 
at the effective scale 



Q^={Q^ + M^)/4. 



( 7 ) 



In Eq. (6) the non- relativistic approximation for the vector meson wave function 
is used and the coupling of the vector meson to the photon is encoded in the 
electronic width Note that Eq. (6) is valid for f = 0. In the approach 
discussed in the following there is no prediction for the t dependence of the 
cross section, which is assumed to be of the exponential form exp(— 6|f|) with 
an experimentally measured slope-parameter b, which may depend on the vector 
meson V and on . On the other hand, Eq. (6) makes predictions for both the 
and the W dependence of the cross section for longitudinally and transversely 
polarized photons for all sorts of vector mesons, as long as either or My are 

large enough to act as the hard scale. It is obvious that the W dependence comes 

2 

entirely from the gluon distribution x g{x, Q ), which enters quadratically in the 
cross section. 



3.2 Improvements beyond the leading order 

In the following we will discuss several improvements of the leading order for- 
mula.'* 



■* For more detailed discussions see e.g. [15,16] or the recent review [17]. 
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• Eq. (6) contains only the leading imaginary part of the positive-signature 
amplitude 

A oc i . (8) 

The real part of the amplitude can be restored using dispersion relations; 

Reyl = tan(7rA/2) ImA , (9) 



where A is given by the logarithmic derivative 

^ giogR 

51og(l/a;) 



( 10 ) 



For the case of p production, the contributions from the real part are roughly 
15%. For J/^' production in the HERA regime they amount to approximately 
20% and are even bigger for T production [18,19], where larger values of x are 
probed. 



• In Fig. 2 one of four leading order diagrams® for the two gluon exchange 
model is shown with some kinematic variables which will be used below. In the 
general case the two gluons gi, Q 2 have different x, x' and transverse momenta 
It, i'rp. The leading logarithmic approximation of the loop integral (indicated 

by the circle in Fig. 2) leads to the identification with the integrated gluon dis- 
2 2 

tribution xg{x,Q ) at the effective scale Q defined in Eq. (7). Beyond leading 
logarithmic accuracy one has to perform the fy integral over the unintegrated 
gluon distribution f{x,£^). This can lead to numerical results which are, de- 
pending on the kinematical regime, twice as big as the result from Eq. (6) [4,15]. 



q 




(l-z), -k-r 

z, kx 




2 

V 



Fig. 2. One of four leading order diagrams for the two gluon exchange model for 
diffractive vector meson production 



Although here we are considering elastic production at small momentum 
transfer t, the timelike vector meson with mass My has to be produced from the 

® There are three similar diagrams: one where both gluons couple to the antiquark 
and two where one gluon is attached to the quark, whereas the other couples to the 
antiquark. 
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spacelike (or real) photon with virtuality . This means, that even if there 
is no transverse momentum transfer, ix = £'x, there has to be a difference 
* - X' = (m2 + Q2) j (py2 ^ q 2) in the longitudinal momentum of the two 

gluons gi and g 2 - Therefore the identification with the ordinary diagonal gluon 
2 

distribution xg[x,Q ) is only a good approximation for very small values of x 
and t, and in the general case the process 7 *p — )■ Vp depends on off-diagonal par- 
ton distributions [20]. Their importance for diffractive vector meson production 
will be discussed in the following. 



4 Recent issues in pQCD calculations 

4.1 OfF-diagonal parton distributions 

Off-diagonal (also called “skewed” or non-forward) parton distributions® are 
much studied recently.^ In the case of small t scattering the skewedness comes 
from the difference between x and x' of the two gluons g\ and g^, and the 
cross section can be shown to be proportional to the square of a skewed gluon 
distribution. 



<T oc 




( 11 ) 



Here a; = (M|^- + / {^2 ^ g 2 ) _ ^ _ ^2 ) / ^ g 2 ) 

and Mg- is the mass squared of the intermediate qq pair. (Taking the leading 
imaginary part of the amplitude corresponds to cutting the amplitude as indi- 
cated by the dashed line in Fig. 2 and putting both q and q on-shell, which in 
turn fixes x . x' has to accomodate the difference between Mgg and My and it not 
fixed due to the integration over all possible quark (and antiquark) momenta. 
At leading logarithmic order x' •C x, and we can put x' ~ 0.) 

For arbitrary kinematics skewed parton distributions are not connected with 
the diagonal ones and are unknown non-perturbative objects. However, in the 
case of small x, they are determined completely by the diagonal ones [20,21]. 
The ratio of skewed to diagonal glnon distribution is given by 

_ x'g{x,x>) _ 22A+3r(A+|) 

- xg{x) T(A + 4) ■ ^ ^ 

Here F is the usual Gamma function and the effective power A can be obtained 
from the logarithmic derivative of the amplitude A for the ~/*p Vp cross 
section, 



(9 log A 
9 log (1/a;) 



(13) 



As will be shown below, the magnitude of the resulting correction factor for the 
total cross section, Rg, can be sizeable, especially for large or My. 

® These off-diagonal parton distributions are not parton densities in the ordinary prob- 
abilistic sense but matrix elements of parton-fields between different initial and final 
proton states. 

^ See [20] and references therein. 
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4.2 The vector meson wave function 

Another important issue is the treatment of the vector meson wave function. As 
sketched in Fig. 1 and Eq. (4), it enters the amplitude via a convolution with 
the scattered qq fluctuation. In Eq. (6) the non-relativistic approximation was 
adopted. This means, that quark and antiquark equally share the longitudinal 
momentum of the photon, i.e. z = I ~ z = 1/2, and that there is no inter- 
nal (transverse) momentum kx in the qq bound state. Therefore, in this naive 
approximation, 



= S^-^^kT)S{z- 1/2) , (14) 

and Mv = 2m^. While this simplification may be suitable for heavy mesons like 
the T, it is clear that the non-relativistic approximation has to break down for 
light quarks. Various groups have worked on improving this approximation by 
including the Fermi motion of the quarks in the meson by using a nontrivial 
wave function [13,15,16,22]. Different models for the meson wave function were 
used which lead to quite different correction factors: whereas in Gaussian models 
there is no strong suppression [15], the large kx tail typical for wave functions 
from non-relativistic potential models seems to lead to large corrections [16]. 
On the other hand, considering that within these potential models a big part of 
the 0{v'^) corrections comes from a regime, where kx is bigger than the quark 
mass itself, these large corrections may well be an artefact of the non-relativistic 
approximation. 

Another related problem is the question, which mass for the quarks should 
be used in the perturbative formulae. Note that Eq. (6) is written in terms of 
the vector meson mass My - However, as discussed in [15], the full expressions 
used to include higher order (relativistic) corrections contain the quark mass rtiq 
instead of My - As the ratio My / [2mq) enters with a high power, this difference 
is not negligible and should be taken into account in the calculation of the 0{v^) 
corrections applied to Eq. (6). 

In addition, it is well known that there are other relativistic corrections, 
which in principle have to be taken into account in a consistent way. As pointed 
out by Hoodbhoy [23], gauge invariance is only preserved if higher Fock states 
{qqg, qqgg , . . .) are included in the wave function. In doing so he arrives at the 
conclusion, that the relativistic corrections to the quark propagators plus the 
corrections from the higher Fock states amount to only a few percent for J/'F 
production, in agreement with [15]. 

After all large relativistic corrections can probably be excluded, but, as dif- 
ferent approaches lead to quite different results there remains a considerable 
uncertainty and the issue a hot topic. 



4.3 An alternative approach based on parton-hadron duality 

In this section we will discuss an alternative approach, which avoids the meson 
wave function and leads to results which are in surprisingly good agreement with 
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available data. It was proposed in [24] for p meson electroproduction, where the 
hard scale is provided by , not by Mp.^ Due to the tiny u and d quark masses, 
in the case of the p non- relativistic approximations cannot be justified, and the 
wave function is not very well known. Now the crucial problem was that all naive 
predictions for the ratio of the longitudinal to the transverse cross section, which 
are based on the perturbative formula (6), lead to 

(15) 

This is much too steep and incompatible with experimental data (see below). 
The inclusion of effects from a light cone wave function for the p does not change 
the picture considerably.® These observations indicate that the main effects are 
not coming from the p wave function and lead to the proposal of a different model 
in [24]; there the cross section for p production is predicted via perturbative uu 
and dd quark pair electroproduction together with the principle of parton-hadron 
duality (PHD) [25]. PHD means that the integral of the parton [qq) production 
cross section over a mass interval AM is approximately equal to the sum over 
all (corresponding) possible hadron production cross sections in the same mass 
interval. In the region MT ps the production of more complicated partonic 
configurations (like qq g, qq + 2g, qq -f qq, etc.) is heavily suppressed. On the 
hadronic side the p resonance (plus the small admixture of the u>) with its decay 
into two (three) pions completely saturates the cross section. Therefore we can 
well approximate the p production cross section 

7*p — >■ pp — >■ TTTrp 



by 



pp) 




do- ( 7 *p -» {qq)p) 
dM2 



(16) 



where Ma and Mt, have to be chosen to embrace the p resonance appropriately, 
i.e. Mj — ~ 1 GeV^. The factor 0.9 on the right side of Eq. (16) corrects for 

the contributions from u) production. 

The perturbative formulae for the qq production cross section are derived 
from the amplitudes depicted in Fig. 2 and can be written in terms of the con- 
ventional spin rotation matrices d^^(0) (see [24] for details): 



d2 






dM^dt 

d^(TT 






dM^dt 



t=o 



t=o 



47T^e^a 



(Q2 + m2)2 8 
Af2 1 
(Q2 + M2)2 4 



^ j |‘^io(^)|^ \Il\^ - (17) 



dcos6» (|d]i(6i)f -f |d]_i(6»)f) |/t| 



Experimentally both the t dependence da/dt ~ exp(-bt) with 6 ~ 5 — 6 GeV~^ for 
> 10 GeV^ and the W behaviour of the cross section a oc W°'^ indicate that p 
meson electroproduction is not a soft, but mainly a hard process. 

One might argue that err receives large contributions from the small hr region, which 
is non-perturbative. But those contributions would cause the transverse cross section 
to fall off even faster with increasing and therefore worsen the problem [24]. 
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where e, is the electric charge of the quark q, a the electromagnetic coupling and 
6 the polar angle of the quark q in the qq rest frame with respect to the proton 
direction [kx = M/2sin6). Il t are integrals over the gluon and given by 



Iran I f «.(4)/(^,4) (i.- + 

with / being the unintegrated gluon distribution and 



(18) 

AT2 - 2kl + 4 \ 

2k^ K} ) ’ 



Kj = J(A'2 + 4)2 _ 444 , A'2 = 4(Q2 + JVf2)/M2. 



In Eqs. (17) the different rotation matrices appropriately reflect the different 
spin states of the qq produced from longitudinal and transverse photons, and the 
integrals contain the scattering off the proton via the two gluon exchange. 

In order to pick up only those uu, dd configurations which correspond to the 
quantum numbers of the p, one has to project out the = l~~ states. This 
can be easily done on amplitude level with the same rotation matrices df^{6), 
see [24]. (Even higher spin states like the p(3“) can be projected out using 
the corresponding d function [26].) It is important to note that through the 
projection on amplitude level the longitudinal and transverse cross sections (Ti t 
are less infrared sensitive than Eqs. (17), and therefore cry becomes calculable 
without a large uncertainty from the treatment of the (non-perturbative) infrared 
region. 

For the complete numerical predictions one also has to include the contribu- 
tions from the real part of the amplitudes and the skewed gluon distribution as 
discussed above. Both effects are taken into account on amplitude level. Eqs. (17) 
give the cross section differential in t for t = 0. To arrive at the t integrated total 
cross section one assumes the exponential form exp(— 6|t|). The slope b can be 
taken from experiment or theoretical models and depends in general on M^, W 
and . For more details we refer the reader to [27]. 

To go beyond the leading order prediction in a completely consistent way 
would require in addition the full set of next-to-leading order gluonic correc- 
tions to the {<iq)-2g vertex. These corrections are not known yet,^'^ but can be 
estimated by a /C factor [4,24]. Similar to the Drell-Yan process, there are 
enhanced terms, which come from the in terms in the double logarithmic Su- 
dakov form factor. Resummation of those leading corrections results in the K, 
factor fC — {nCpOis] which leads to a considerable enhancement of the cross 
section. 

Here we assume s channel helicity conservation (SCHC), i.e. the produced p has 
the helicity of the virtual photon. However, there are small violations of SCHC 
(e.g. 7 t- pl ) which can be successfully described in a framework similar to the 
one discussed here. For a discussion of recent measurements of the 15 spin density 
matrix elements of p production compared to different theoretical predictions see [1]. 
" A first step towards the calculation of the full NLO corrections is provided by [28]. 
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Fig. 3. a (7*p — > pp) predicted within the PHD model as described in the text com- 
pared to recent HI data [29]. Continuous line', using the skewed gluon distribution, 
dashed line: without skewing 



In Fig. 3 the complete numerical prediction for j*p pp using the PHD 
modeP^ is shown as a function of together with recent HI data [29]. The 
continuous line includes all the effects discussed above, whereas the dashed line 
does not include the skewed gluon. The importance of the off-diagonal gluon 
for the behaviour of the cross section is obvious and the effect seems to 
be required to describe the data. Of course the model prediction is not free 
from uncertainties like the choice of the mass interval in Eqs. (16) or 

the scale of «« in the K, factor. These (and other) uncertainties are discussed 
in detail in [27], but they affect mainly the normalization of the cross section 
and do not spoil the good agreement with the experimental data. In Fig. 4 the 
prediction of the PHD model for the ratio L/T is shown as a continuous line. 
It agrees fairly well with the data points, which show a very modest rise with 
in contrast to the naive prediction from Eq. (15) (dashed line). Thus, in 
the PHD picture, it is not the p wave function, but the dynamics of the qq pair 
creation from longitudinal and transverse photons together with the off-diagonal 
two gluon interaction and the projection onto the state, that determines the 
dependence and the ratio L/T. 

It is important to note that the PHD model also works in the case of massive 
quarks and heavy mesons. Starting from formulae for diffractive heavy quark 
production [4] and modifying the projection formalism appropriately, elastic T 
photoproduction was recently predicted using PHD in agreement with first mea- 
surements [18]. The same formalism can also be applied to diffractive J /L' pro- 
duction [27]. Again, as shown in Fig. 5, there is a surprisingly good agreement 
between the predicted cross section as a function of and the experimental 
data [33]. 

For the numerical analysis the MRST99 gluon [30] was used, and the scale of a, in 
the /C factor was chosen as 2A'^ For more details see [27]. 
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Fig. 4. L/T predicted within the PHD model {continuous line) as described in the text 
compared to experimental data [29,31,32] and the naive prediction {dashed line) from 
Eq. (16) 




Fig. 5. Cross section for diffractive J/lf' production as predicted in the PHD model 
[27] compared to recent Hi data [33] 

5 Summary 

Elastic vector meson production is a rich field, both from the experimental and 
theoretical points of view. Different theoretical models describe the data, and 
more precise data in an increased kinematical range will be needed to clarify the 
situation. We have briefly discussed some non-perturbative models, but mainly 
concentrated on perturbative approaches. We have shown that with recent im- 
provements pQCD-based approaches work very well and are in agreement with 
the data. The fairly large impact of skewed parton distributions on the predic- 
tions within these models is supported by the data. There is good hope that in 
the future we will be able to discriminate between the different models and to 
understand elastic vector meson production in more detail. By combining differ- 
ent observables from different processes, elastic vector meson production with 
its high sensitivity to the gluon at small x will finally help to constrain the gluon 
much better. For this much effort will be needed also from the theoretical side 
in order to increase the precision of the calculations. 
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Inclusive Diffraction at HERA* 



Henri Kowalski 

Deutsches Elektronen Synchrotron DESY, 22603 Hamburg, Germany 



Abstract. Diffractive phenomena observed at HERA are starting to give us a new 
perspective on the deep inelastic scattering. In this talk the properties of diffractive 
events observed by the HI and ZEUS experiments are described. We give also a theo- 
retical interpretation of the diffractive results with special emphasis on the phenomena 
at the boundary of soft and hard physics. In this region perturbative QCD seems to 
provide a useful guide. Simple models can be constructed which allow to connect the 
photoproduction, deep inelastic scattering and diffractive phenomena in a quantitative 
way. 



1 Introduction 

One of the most important results of the experiments at HERA is the observation 
that a substantial amount (~ 10%) of deep-inelastic electron-proton scattering 
(DIS) events is of diffractive origin. The usual DIS events are characterized 
by continuous particle emission between the direction of the struck quark and 
the proton remnant. In the 7* -proton rest frame this leads to an almost uniform 
distribution of emitted particles along the 7*p rapidity axis, The rapidity interval 
in which particles are radiated has the length In W^, where W denotes the 7*p 
CMS energy in GeV. Diffractive processes are characterized by particle emission 
in a considerably shorter rapidity interval given by In , where Mx denotes 

* Presented at New Trends in HERA Physics 1999, Ringberg Workshop, June 1999 



Non-Diffraction Diffraction 




Fig. 1. Particle emission characteristics for non-diffractive (left) and diffractive events 
(right). 
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the diffractive mass, see Fig. 1. The mass Mx, which is equal to the invariant 
mass of all particles emitted in the reaction with exception of the outgoing 
proton (or the proton dissociated system), is in diffractive reactions considerably 
smaller than W. Therefore diffractive events exhibit clear rapidity gaps, given 
by Z\Y = InirVlnMl-, [1], 

The relatively small amount of hadronic radiation emitted in diffractive re- 
actions is due to the dominance of the colour singlet exchange; this is in contrast 
to non-diffractive j*p interactions where coloured gluon exchanges dominate. 
Diffraction gives new insight into deep inelastic electron proton interactions and 
gives hope that, because a hard scale is involved, more can be learned about a 
possible partonic mechanism of diffraction and, eventually, about the transition 
between the perturbative and nonperturbative regimes. 

I will first describe the diffractive measurement and then discuss a possible 
theoretical interpretation. 

2 Diffractive Measurement 

2.1 Kinematics 

The kinematic quantities used for the description of inclusive DIS, e(k)+p(F) — )• 
e(k') + anything, see Fig. 2, are = —q^ = —{k — k'Y , x = Q"^I{2P ■ q), 
y — [P ■q)/{P -k) and W"^ = Q'^{1 — x) /x + mp jx for a; T Here k, k' are 
the four-momenta of the initial and final state positrons; P is the four-momentum 
of the intial state proton and y is the fractional energy transfer to the proton in 
its rest frame. For the range of and W considered in this talk ys, where 

s = 4EgEp is the square of the ep c.m.s. energy, a/s = 300 GeV. The scaling 
variables used to describe DIS diffraction are given by Xj^ — [{P — N)-q]f (P-q) 




Fig. 2. Diagram showing the diffractive dissociation process in DIS. 
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(M| + g 2)/(^2 ^ p ^ QV[2(P -N)-q] = x/x^ + Q") 

where N is the four-momentum of the outgoing nucleonic system and Mx is the 
mass of the system into which the virtual photon dissociated. In models where 
diffraction is described by the t-channel exchange of a system, for example the 
pomeron, Xjp is the momentum fraction of the proton carried by this system and 
P is the momentum fraction of the struck quark within this system. 

2.2 Diffractive Signature 

The diffractive and non-diffractive components can be experimentally separated 
by the analysis of the observed Mx distribution [2,3]. Fig. 3 shows these dis- 
tributions in terms of InM^ for various W intervals as observed in the ZEUS 
detector. The high mass peak is due to non-diffractive events, the plateau-like 
structure most notably seen at higher W values, is due to diffractive ones. The 
high mass peak has a steep exponential fall-off, d/\f/d\n oc exp (6 In M^), 
towards smaller In M|- values. The position of the high mass peak changes pro- 
portionally to InlT^, i.e. shows scaling in ln(M|-/IT^) and the slope, 6, of the 
exponential in In is approximately independent of W and . These charac- 
teristics are properties of events with uniform, random and uncorrelated particle 
production along the rapidity axis where, due to the geometrical acceptance of 
the detector, particles are measured in a limited range of rapidity, see Fig. 1 . In 
models such as the Feynman gas model or ones dominated by longitudinal phase 
space [1], the slope b represents the particle multiplicity per unit of rapidity. The 
exponential in InM^ and the scaling in ln(M^/FF^) are directly connected to 
the exponential suppression of large rapidity gaps by QCD radiation. 

These characteristics are also properties of realistic models for particle pro- 
duction in deep inelastic scattering. ARIADNE [4], which gives a good descrip- 



W = 60-74 GeV W = 110-134 GeV W = 164-200 GeV 




ln(M/) 



Fig. 3. Distribution of Mx in terms of In Mx. The solid points show the data. The sohd 
histograms show the ARIADNE predictions for non-diffractive reactions. The dashed 
histograms show the predictions of RAPGAP for diffractive reactions. 




364 



Henri Kowalski 



tion of particle production by DIS at HERA, also exhibits a pure exponential 
fall-off with InM^ and scaling in InM^/VE^. The distribution predicted by 
ARIADNE shown in Fig. 3 gives a good account of the high mass peak. The 
plateau-like part of the In distribution in Fig. 3 is well described by the 
diffractive RAPGAP simulation. 



2.3 Selection of Diffractive Events 



In diffractive events, the system X resulting from the dissociation of the virtual 
photon is almost fully contained in the detector while the outgoing proton or 
low mass nucleonic system escapes through the forward beam hole. Diffractive 
dissociation prefers small Mx values and leads to an event distribution of the 
form dM/dM^ oc corresponding to dAf/d\nM^ oc 1/(M^)", ap- 

proximately independent of W. At high energies and for large Mx, one expects 
n Ri 0, leading to a constant distribution in In Mx , as discussed below. 

In the ZEUS investigation [3] the diffractive contribution was identified as the 
excess of events at small Mx above the exponential fall-off of the nondiffractive 
contribution in In M^ . This method is called the Mx method for the determi- 
nation of the diffractive component and was developed by H. Kowalski and G. 
Wolf. The exponential fall-off permits the subtraction of the nondiffractive con- 
tribution and, therefore, the extraction of the diffractive contribution without 
assuming the precise Mx dependence of the latter. The In M^ distribution for 
both contributions together is expected to be of the form: 



dAf 

din Ml 



D -f c exp(& lnM|), for In M| < In ■ 



( 1 ) 



Here, D denotes the diffractive contribution and the second term the nondiffrac- 
tive contribution. The diffractive term D is corrected for the detector distortion 



W = 60-74 GeV W= 110-134 GeV W = 164-200 GeV 










In(Mx^) 



Fig. 4. Distribution of Mx in terms of In M| . The straight lines give the non-diffractive 
contribution as obtained from the fits. 
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effects. The nondiffractive term is not corrected since the detector effects on 
the exponential fall-off were found to be negligible. The quantity (In — tjo) 
specifies the maximum value of In up to which the exponential behaviour of 
the nondiffractive part holds. Its value was determined from the data [3]. The 
diffractive contribution is not taken from the fit result for D but is determined 
by subtracting from the observed number of events the nondiffractive contribu- 
tion found from the fit values of b and c, see Fig. 4. The Mx method selects 
diffractive events in which the system N, emitted close to the direction of the 
incoming proton, escapes undetected. Detector acceptance limits the mass of the 
system N to < 5.5 GeV. 

In the HI investigation [5] the selection of diffractive events was performed 
by the requirement of a large rapidity gap in the event. This selection makes use 
of the information from the central and various forward detectors. The particles 
observed for each event are grouped into two systems, called Y and N, such that 
the maximum rapidity gap observed is between Y and N. The system N, which 
includes particles produced in the direction of the incoming proton is required 
to have a mass Mjv < 1.6 GeV. The presence of forward detectors allows HI to 
extend the diffractive measurement beyond the region accessible to the ZEUS 
Mx measurement. 

The ZEUS Mx and the HI rapidity gap methods allow only to measure the 
diffractive cross section integrated over the four-momentum transfer t. The t 
dependence of the diffractive cross section was measured by the ZEUS leading 
proton spectrometer (EPS) [6]. The EPS is designed to measure small angle 
(~ 1 mrad) scattered protons which would otherwise escape undetected inside 
the beam pipe. Isolation of diffractive events with the EPS is rather straight 
forward: detection of a proton carrying a large fraction of the momentum of the 
incoming proton, > 0.97, ensures a large rapidity gap between 

the outgoing proton and the system X. However, the event rate is considerably 
limited by the acceptance of the EPS. 

2.4 Results 

The cross section for the virtual photoproduction process ■y*p XN can be 
determined from corresponding cross sections for ep eXN by: 

dcT^,%^XN{Mx,W,Q^) ^ 27: ,W,Q^) 

dMx ^ a [l-vY + l dMxdhi.W'^dQ'^ ^ 

The diffractive cross section determined by ZEUS is shown in Fig. 5 as a function 
of W for various Mx and values [3]. We observe a rapid rise of the cross 
section with W at all values for the Mx bins up to 7.5 GeV. 

The differential jp cross section is related to the diffractive structure function, 

-J. ^^rUxN{Mx,W,Q^) 47r2o 5(3) 

2Mx dMx Q^Q'^ + M^) ‘^ )■ 
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ZEUS 1994 




W(GeV) 



Fig. 5. The differential cross sections fdMx , Mff < 5.5 GeV, as a function 

of W at various Mx values. The inner error bars show the statistical errors and the full 
bars the statistical and systematic errors added in quadrature. The solid curves show 
the result from fitting the diffractive cross section for each (W, Q^) bin separately using 
the form jdMx oc (W^)“ where and the normalization constants 

were treated as free parameters. The dashed curves show the result from the fit where 
was assumed to be the same for all (W, Q^) bins. 



If is interpreted in terms of quark densities then it specifies for a diffractive 

process the probability to find a quark carrying a momentum fraction x = j3x^ 
of the proton momentum, with x being the Bjorken x. 
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The HI results are shown in Fig. 6 in terms of diffractive structure function, 
(P, Xjp , Q"^) as a function of at various p and Q“^ values [5]. The quick 
rise with W observed in the diffractive cross section measurment corresponds 
here to the rise of with decreasing Xjp. 



HI 1994 Data 
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Fig. 6. The solid points show the measured differential structure function plotted as 
X pF 2 ^^\p,x ip,Q^) against Xjp for various /3 and values. The inner error bars 
represent the statistical errors and the outer error bars represent the statistical and 
systematic error added in quadrature. The solid curves show the results of the Regge 
fit described in text. The dashed curves give the contributions of the pomeron alone 
and the pomeron with the interfence term. 
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One of the most important results obtained from the diffractive measurement 
was the observation that the diffractive cross section rises rapidly with W at all 
values and the measurement of its rate of rise. In the ZEUS case the cross 
section was fitted for each {Mx,Q'^) bin using the form 






dMx 



= h-W‘ 



.dift 



( 4 ) 



where and the normalization constants h were treated as free parame- 
ters. In Regge models, is related to the trajectory of the pomeron a^(t), 

averaged over t: cT^ = 1 -f The fit value for leads to = 

1.127 ± 0.009(stat)lg;g^^(s2/s<). 
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Fig. 7. The diffractive structure function of the proton for 7 ’p -> XN,Mm < 5.5 
GeV, multiplied by Xjp, x jp, j3,Q^), from the Mx analysis (solid points) 
compared with the results from ZEUS LPS measurement obtained with an identified 
proton for 7 *p —^Xp (stars) and from a subsample of the HI data (open points) for 
7 *p XN, Mx < 1.6 GeV. 
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In the HI case, due to the larger kinematic region accessed by the mea- 
surement, was fitted using a combined pomeron and reggeon 

ansatz, 

(5) 

HI [5] has given for the intercept of the pomeron trajectory a value of a^p (0) = 
1.203±0.020(stat)±0.013(syst)lo'o35(mode/). Averaging over the f-distribution 
gives approximately — a^(0) — 0.03, a value which is in agreement with the 
ZEUS result. 

The values of both experiments lie above the a,p values deduced from 
hadron-hadron scattering, where the intercept of the pomeron trajectory was 
found to be (0) = 1.08 [14]. Averaging over t reduces this value by 

about 0.02 leading to = 1.06 [14]. 




Fig. 8. |t|-dependence of the diffractive cross section as measured by the ZEUS col- 
laboration. 



In Fig. 7 the data from the ZEUS Mx analysis (solid points) are compared 
with ZEUS data obtained using the EPS [15] and with those of HI [5]. For 
ease of comparison the x^F^^^'^ values from this analysis were scaled to the 
{/3,Q^) values used in the HI analysis. The LPS data correspond to events of 
the type 'j*p ^ Xp with an identified proton. No correction was applied for the 
contribution from double dissociation which is present in the ZEUS Mx analysis 
but not in the LPS data. The correction would increase the LPS data by a factor 
of 1.451 q 26 - There is consistency between the Mx analysis and the LPS data. 
The HI data correspond to Mx < 1.6 GeV while those from the Mx analysis 
are given for Mjv < 5.5 GeV. No correction was applied. The data from HI 
approximately agree with those from the ZEUS Mx analysis. However, for fixed 
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/?, the HI values have a tendency to rise faster with even allowing for an 
extra scaling factor. 

The dependence of the diffractive cross section da.^-p_^xp / dMx on the square 
of the four-momentum transfer t is shown in Fig. 8 The cross section is steeply 
falling with -t, dcr/dt <x exp(6t) with 6 = 7.1 ± l.{stat) ± 1.2(syst). This shows 
that small momentum transfers between incoming and outgoing proton dominate 
as expected for diffractive scattering. 

3 Theoretical Interpretation 

In the parton model the DIS process, 'y*p XN , can be visualized, in the rest 
frame of the proton, as a fluctuation of the incoming virtual photon into a qq 
pair followed by the interaction of this pair with the incoming proton [7,8]. In 
a diffractive DIS process the final state will be particularly simple: it consists 
of a qq state plus a proton or debris from the dissociation of the proton, well 
separated in rapidity. 



* 

- Y 




Fig. 9. Feynman diagram describing the fluctuation of 7 * -4 qq with subsequent scat- 
tering by two gluon exchange on the proton 



Some thirty years ago, J.D. Bjorken has pointed out that configurations with 
small q (or q) transverse momenta relative to the direction of the virtual photon 
will lead to a substantial diffractive cross section in DIS [9]. Therefore, since in 
general one of the quarks of the pair will have a large logitudinal momentum, 
the so called aligned jet configuration will dominate. The cross section for this 
configuration is expected to scale with and to have the same W dependence 
as observed for diffraction in hadron-hadron scattering. 

The aligned jet model can be, today, well understood within QCD [10,12]. In 
diffraction, the interaction of the proton with a quark pair is mediated by the 
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exchange of a colour singlet gluonic system. Such a system cannot resolve a qq 
(neutral) pair when the typical wave length of a gluon is larger than the qq pair 
transverse separation. Since the colour force which binds the proton has a wave 
length of the order of the proton size only pairs with small transverse momenta 
will interact with the proton. 

The l3 distribution of the aligned quark configuration from transverse photons 
was predicted, by A. Donnachie and P.V. Landshoff [13], to be of the form 

(6) 

N.N. Nikolaev and B.G. Zakharov have shown that the same (3 dependence was 
expected in pQCD when the aligned quarks interact with the proton through 
two-gluon exchange [16]. 




Fig. 10. Feynman diagram describing the fluctuation of 7 * qqg with subsequent 
scattering by two gluon exchange on the proton 



The production of a qqg system by transverse photons was found by N.N. 
Nikolaev and B.G. Zakharov to be also of leading twist and was assumed to have 
a /? dependence of the type [16] 

(X (1 - py (7) 

with 7 = 2. A later calculation by M. Wusthoff [17] found 7 = 3. 

The contribution to the production of a qq system by longitudinal photons 
was found to be of higher twist and to have a /? dependence of the form [17] 

( 8 ) 

In pQCD models the dependence is expected to be driven by the x de- 
pendence of the square of the gluon momentum density of the proton [18], 
\x ■ g(x^ , with X = Xjp and fi the probing scale. 
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3.1 BEKW Model 

J. Bartels, J. Ellis, H. Kowalski and M. Wiisthoff (BEKW) indentified the theo- 
retical processes leading to the three terms in eqs. 6- 8 as the major contributors 
to the diffractive structure function. In [10] the three contributions were cal- 
culated in the perturbative region and extended into the soft region. The 
dependence was assumed to be of the form The power n was allowed 

to be different for the transverse (ut) and the longitudinal (n/,) contributions. 




W(GeV) 



Fig. 11. Comparison of the ZEUS Mx data with the results of the BEKW fit (solid 
curve). The transverse qq contribution is shown by the dashed curve, the longitudinal 
qq contribution by the dashed-dotted curve and the transverse qqg contribution by the 
dotted line. 



The normalizations of the three terms were determined from the data; 

= CT • + Cl • -h Cg . F'^gg 



( 9 ) 
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with 



T- 

gg 


X jp 


(10) 


F - 
gg 




(11) 


F- 

ggg 


= (ll)nT(Q^),ln(l+g).(l-/3)-r 

X jp C^Q 


(12) 




= 0.1 + n5, jr -ln[l + ln(^)]. 


(13) 



The three terms have different dependences. does almost not depend 
on as a result of the limited quark pr in the aligned configuration. The term 
is higher twist but the power 1/Q^ is softened by a logarithmic factor; 
grows logarithmically with similar to the proton structure function F 2 
at low X. 

BEKW total 



(qq)r 




P 



Fig. 12. Comparison of the with the results of the BEKW fit. 

The coefficients CT,ci,Cg as well as the parameters nl^,n^ and xq.Qo were 
determined from experiment. In the fit the power 7 was also considered as a 
free parameter. Assuming Qq = 1 GeV^ and xq = 0.0042 and treating the other 
constants as free parameters a good fit {x^jd.o.f. = 56/47 = 1.2, statistical 
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errors only) was obtained for the ZEUS Mx data as shown by the solid curves 
in Fig. 11. The fit yielded the following parameter values: = 0.13±0.03, = 

0.32 ± 0.14, 7 = 3.9 ± 0.9 [3]. It is instructive to compare the P dependence of 
the three components which build up the diffractive structure function using the 
results from the BEKW fit as shown in Fig. 12.^ The ZEUS data suggest that for 
P > 0.2 the colourless system couples predominantly to the quarks in the virtual 
photon. The region P > 0.8 is dominated by the contributions from longitudinal 
photons. The contribution from coupling of the colourless system to a qqg final 
state becomes important for P < 0.3. Figure 13 shows the same quantities as 




Fig. 13. obtained from the BEKW fit to the ZEUS Mx data as a function of 

Q" 

a function of for P — 0.1, 0.5, 0.9. One finds within the BEKW model and 
using ZEUS data, that the gluon term, which dominates at /3 = 0.1 rises with 
while the quark term, which is important at /? = 0.5 shows almost no evolution 
with The contribution from longitudinal photons, which is higher twist and 
dominates at /I = 0.9, decreases with . 

In the BEKW model the x^-dependence of the quark and gluon contributions 
for transverse photons is expected to be close to that given by the soft pomeron, 
riT 2(a^*°-^‘ — 1). However, perturbative admixtures in the diffractive final 
state are expected to have a somewhat stronger energy dependence, leading 
to an effective tit > — 1). The dependence of the longitudinal 

contribution is driven by the square of the proton’s gluon momentum density 
leading to > ny. The fit results agree with these predictions but the errors 
are too large for a definitive statement. 

Similar fits were performed to HI data [10]. In the HI case the data allowed 
two, from the point of view, almost equivalent solutions. One with the value 
of the parameter 7 = 0.28 ± 0.08 and another with 7 = 8.5 ± 0.8. The high 7 
solution leads to conclnsions which are similar to those obtained from the ZEUS 

1 denotes at Xjp = xo 
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data analysis. In the low 7 solution the gluon term is dominant at large /? region, 
which is in agreement with the HI analysis [5] based on a DGLAP NLO fit. 

3.2 Saturation Model 

A.H. Mueller in his DIS 98 talk at Brussel [19] drew attention to the fact that the 
much stronger rise with W of the diffractive cross section in DIS as compared to 
hadron-hadron scattering combined with the behaviour of the F 2 data suggests 
the presence of saturation in DIS processes. Motivated by this talk K. Golec- 
Biernat with M. Wiisthoff developed a model which connects in a quantitative 
way the low and higher total cross section data with the inclusive diffractive 
process [20,21]. Similar models were also proposed by J.R. Forshaw et al. [11] 
and W. Buchmiiller et al. [12]. 




p p 



Fig. 14. Diagram of the basic saturation model process 

In a frame, where photon and proton are collinear, the total jp and the 
differential diffractive cross section can be written as [7,8]: 

(Tt,l(x,Q^)= j dPr j dz\FT,Li^,r)\'^ ^{x,r^) (14) 

1 /* r 

=^y dV J dz\FrM^,r)\^\d{x,r^)\^ (15) 

where denotes the transverse (T) and longitudinally (L) polarized 

photon wave functions, d(x,r^) the dipole cross section of the qq pair with the 
proton, z the momentum fraction of the photon carried by the quark and r the 
relative transverse separation between the quarks. The wave functions are solely 
determined by the coupling of the photon to the quark and therefore are well 
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known in QCD [8]. The cross section of the qq pair with the proton is assumed 
to be a function of the transverse separation r and the saturation radius Rq: 

2 

(T(a;,r2) = (To(l -exp[-^]) (16) 

At small r, r 2Ro, the dipole cross section grows quadratically with r, 
(T ~ (Tor^/4RQ, at large r, r ^ 2 Rq, it saturates, & = (Tq. 

The wave function, ’f'(r), at small quark transverse separation, r < 1/Q, 
behaves as Q ■ l/(<5r), whereas for large quark transverse separation, r > 1/Q, 
it is exponentially suppressed. When the transverse size of the qq pairs is much 
smaller than the saturation radius, 1/Q <C Ro, the total cross section behaves 
as: 



(Tx 



f /-i/Q" 
y dz y dr^Q^ 



1 

Q^r^ 




1 (To 

Q2 Rl 



(17) 



When the transverse size of the qq pairs exceeds the saturation radius, 1/Q 
Ro, the integration over splits into two parts: 



(Tx 






dr^ 



1 



o'o 



(To + (To In 



Q^Rl 



and <7t becomes almost independent of Q^. From the above approximative argu- 
ments it can be seen that the model describes the well known scaling behaviour 
at higher Q^, (Tt ~ 1/Q^, and the break down of scaling at low Q^, (Tt ~ (Tq. 

In order to describe the W (or x) dependence of the total DIS cross sections 
measured at HERA, the saturation radius has to be x dependent. 



with Qo = 1 GeV. The eqs. 14, 15, 16 and 18 define the model called in the 
following the saturation model. 

The parameters of the model (Tq, xq and A where determined from the fit 
to the HERA total cross section data. Figure 15 shows the HERA total cross 
section data in the Q^ region between 0.1 and 100 GeV"^ and compares them to 
the fit. Note that a very good description is achieved for the transition between 
the photoproduction-like region at Q^ < IQeR^ and the scaling region at higher 
Q^. The parameters of the model are determined as (To = 23 (mb), A = 0.29, 
xo = 0.0003. The value of (Tq is mainly determined by the behaviour of the data 
in the photoproduction-like region while A and xo is mainly determined by the 
DIS region. Note that (To, which in the model corresponds to the qq proton cross 
section, is of the same magnitude as the total cross section. 

The results of the saturation model are compared with the data in Fig. 16. 
We see a good agreement with data at all Q^ and Mx values, similar in quality 
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Fig. 15. The 7*p cross section compared to the results of the saturation model fit 
(solid line). The dotted line shows an alternative fit in which the quark mass was set 
to zero. 



to the BEKW fit as seen in Fig. 11. The difference is that it is now an absolute 
prediction and not a fit. All parameters of the model were fixed by F 2 data. 

It is interesting to compare the data on the ratio of the diffractive and total 
cross sections with the predictions of the saturation model as shown in Fig. 17. 
When this ratio was first published the data were difficult to understand since the 
diffractive and total cross sections show the same rate of growth with W. This 
is contrary to the naive expectation that according to the optical theorem the 
diffractive cross section should grow with a power of W which is twice the power 
of the total one, croiff ~ while aTOT ~ This basic property is also 

present in the saturation model; note that the dipole cross section, a, appears 
in quadrature in the equation 15 while only one power of a enters equation 14. 
Therefore, if a leads to a growth of the total cross secton with the power A, 
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ZEUS 1994 




W(GeV) 



Fig. 16. Comparison of the ZEUS Mx data with the results of the saturation model 
(sohd curve). The transverse qq contribution is shown by the dashed curve, the longitu- 
dinal qq contribution by the dashed-dotted curve and the transverse qqg contribution 
by the dotted line. 



(Tq, ~ W^, (see eqs. 17, 18) then the diffractive cross section would, again, be 
expected to grow with the power 2A. The saturation model leads, however, to a 
remarkably good description of the experimentally observed crquj f /aqoT ratio. 
This is due to the fact that the main contribution to diffraction is coming from 
qq pairs with larger transverse separation, r, than in the inclusive process. In 
the diffractive case, a similar integration as in eq. 17 leads only to a higher twist 
contribution. A leading twist contribution can be obtained if the dr^ integration 
is extended beyond the 1/Q^ limit. However, at these large transverse distances 
saturation starts to damp the growth of the diffractive cross section [21]. 




Inclusive Diffraction at HERA 



379 



ZEUS 1994 

• Q“ = 8GeV' T Q* = 27QeV“ 

□ Q“ = 14GeV“ A Q“ = 60 GeV“ 




40 60 80 100 120 140 160 180 200 220 

W(GeV) 



Fig. 17. The ratio of the diffractive and the total cross sections compared with the 
prediction of the saturation model (solid line). 

4 Conclusions 

The first round of experimental data on diffraction at HERA has lead to a grow- 
ing theoretical understanding of relations between the, previously disconnected, 
phenomena of photoproduction, deep inelastic scattering and diffraction. Per- 
turbative QCD has served as a useful guide into the transition region between 
hard and soft phenomena. 

In the near future HERA experiments can be expected to provide a much 
larger body of data on diffraction. These should help to understand diffraction 
in deep inelastic scattering, especially in the transition region between the per- 
turbative and nonperturbative regimes. 

5 Acknowledgments 

It is a pleasure to thank the organizers, G. Grindhammer, B. Kniehl and G. 
Kramer for a stimulating and enjoyable workshop. I have considerably bene- 
fited from discussions with J. Bartels, E. Levin, A.H. Mueller, G. Wolf and M. 




380 



Henri Kowalski 



WiisthofF. I am grateful to G. Wolf for a critical reading of the manuscript and 
for many comments. 



References 

1. R.P. Feynmann, ’’Photon-Hadron Interactions”, Benjamin, N.Y. (1972), lectures 
50-54. 

2. ZEUS Collab., M. Derrick et al., Z. Phys. C70 (1996) 391. 

3. ZEUS Collab., J. Breitweg et al., E. Phys. J. C6 (1999) 43. 

4. ARIADNE 4.0 Program Manual, L. Lonnblad, DESY-92-046 (1992), Computer 
Phys. Comm. 71 (1992) 15. 

5. HI Collab., C. Adloff et al., Z. Phys. C76 (1997) 613. 

6. ZEUS Collab., J. Breitweg et al., E. Phys. J. Cl (1998) 81. 

7. N.N. Nikolaev and B.G. Zakharov, Z. Phys. C49 (1990) 607. 

8. J.R. Forshaw and D.A. Ross, QCD and the Pomeron, Cambridge University Press, 
1997. 

9. J.D. Bjorken, Proc. Int. Symp. Electron and Photon Interactions at High Energies, 
Cornell, 1971, p. 282. 

J.D. Bjorken, J. Kogut and D. Soper, Phys. Rev. D3 (1971) 1382. 

J.D. Bjorken and J. Kogut, Phys. Rev. D8 (1973) 1341. 

10. J. Bartels, J. Ellis, H. Kowalski and M. Wiisthoff, E. Phys. J. C7 (1999) 443. 

11. J.R. Forshaw, G. Kerley and G. Shaw, CERN-TH/99-58. 

12. W. Buchmiiller and A. Hebecker, Nucl. Phys. B476 (1996) 203. 

W. Buchmiiller, M.F. McDermott, and A. Hebecker, Nucl. Phys. B487 (1997) 283; 
ibid. B500 (1997) 621. 

W. Buchmiiller, T. Gehrmann, and A. Hebecker, Nucl. Phys. B537 (1999) 477. 

13. A. Donnachie and P.V. Landshoff, Phys. Lett. B191 (1987) 309. 

14. A. Donnachie and P.V. Landshoff, Nucl. Phys. B244 (1984) 322; Phys. Lett. 
B296 (1992) 227. 

15. ZEUS Collab., J. Breitweg et al., Eur. Phys. J. Cl (1998) 81. 

16. N.N. Nikolaev and B.G. Zakharov, Z. Phys. C53 (1992) 331; M. Genovese, N.N. 
Nikolaev and B.G. Zakharov, JETP 81 (1995) 625; M. Bertini, M. Genovese, N.N. 
Nikolaev, A.V.Pronyaev and B.G. Zakharov, Phys. Lett. B422 (1998) 238. 

17. M. Wiisthoff, PhD thesis. University of Hamburg, DESY 95-166. 

18. M. Ryskin, Sov. J. Nucl. Phys. 52 (1990) 529. 

N.N. Nikolaev and B.G. Zakharov, Phys. Lett. B332 (1994) 177. 

E.M. Levin and M. Wiisthoff, Phys. Rev. D50 (1994) 4306. 

S.J. Brodsky et al., Phys. Rev. D50 (1994) 3134. 

J. Bartels, H. hotter and M. Wiisthoff, Phys. Lett. B379 (1996) 239; Erratum ibid. 
B382 (1996) 449. 

19. A.H. Mueller, 6th International Workshop on Deep Inelastic Scattering and QCD, 
DIS 98 (1998) 3, World Scientific. 

20. K. Golec-Biernat and M. Wiisthoff, Phys. Rev. D59:014017, (1999). 

21. K. Golec-Biernat and M. Wiisthoff, DTP-99-20. 




Hard Diffraction at the TEVATRON 



Kristal Mauritz 

Iowa State University, Ames lA 50011, USA 



(On behalf of the D0 and CDF Collaborations) 



Abstract. Experimental results on hard diffraction with the CDF and D0 detectors 
at the Fermilab TEVATRON are reviewed and compared with theoretical expectations. 



1 Introduction 

Diffractive and elastic events have been studied for over 30 years and are re- 
sponsible for about 40% of the pp cross-section, but still much is unknown about 
the nature of the process. In addition to the diffractively scattered proton or 
antiproton, they are characterized by the complete, or nearly complete, absence 
of hadronic particle activity over a large rapidity or pseudorapidity region [1,2]. 
This region is called a ‘rapidity gap’ and in elastic pp scattering, the ‘rapid- 
ity gap’ is complete and e.xtends over the whole kinematically allowed rapidity 
range. Single diffraction is the break-up of the p or p into a typically low-mass 
‘diffractive system’ at low momentum transfer generally assumed to be a spin- 
1/2 nucleon resonance with the quantum numbers of the proton. The concept of 
a “Pomeron” was invented by Pomeranchuk to explain this diffractive process 
in the context of Regge theory [3]. The pomeron, which is a color-singlet with 
quantum numbers of the vacuum, is the exchanged object presumed to produce 
a diffractive event. 

Hard single diffraction (HSD) was introduced by Ingelman and Schlein[4] in 
1985 as a model to probe the pomeron. The event is treated in a factorizable 
way, i.e. the pomeron is “emitted” by the anti-proton (or proton) with a certain 
probability or flux and then struck by the other proton (or antiproton) with 
a high pt- ‘Hard’ diffraction constitutes a larger tranverse momentum process 
in addition to the diffractive scattering. The events studied here have a hard 
scattered system of at least two jets with an Et > 7 GeV (usually higher) as well 
as a rapidity gap. The first experimental results on the subject were published 
by the UA8 Collaboration, which showed the existence of jets in single diffractive 
events and that these jets had rapidity and longitudinal momentum distributions 
consistent with a hard pomeron structure [5]. The field of study has expanded 
dramatically since then. Recent results from HERA and the TEVATRON include 
studies of large rapidity gap events in deep inelastic scattering [1,2,6], diffractive 
jet production [7-10] and diffractive IT-boson production [11], Measurements at 
both HERA and the TEVATRON are consistent with a predominantly gluonic 

G. Grindhammer, B.A. Kniehl, G. Kramer (Eds.): LNP 546, pp. 381-392, 2000. 
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pomeron, but measured rates at the TEVATRON are several times lower than 
predictions based on HERA data[12]. The combination of these results gives new 
insight into the exchanged object. 

This paper will provide an introduction and brief review on the recent results 
at the TEVATRON of hard single diffraction and hard double pomeron exchange. 
Studies of hard diffraction can be used to increase our knowledge of the structure 
of the pomeron, especially when combined with complementary hard diffractive 
measurements at HERA. They can also test such basic assumptions as to the 
very nature of the pomeron as a particle-like object. 



1.1 Hard Diffraction at the TEVATRON 



At the TEVATRON, there are three types of hard diffractive processes accessi- 
ble to experimentation: hard single diffraction, double diffraction or hard color 
singlet exchange (HCS), and hard double pomeron exchange (HOPE). Hard 
single diffractive jet production is a subset of single diffraction with a hard scat- 
ter in the final state. Figure 1(a) shows a two-jets final state in the process 
p -\-p i j + X . Because the pomeron is a color-singlet, particle production 
is typically suppressed between the outgoing hadron and the jets and a forward 
rapidity gap results in these events. Hard color singlet exchange (Fig. lb) is a 
double diffractive process, but at large t, which produces a final state of a ra- 
pidity gap between jets. To produce a rapidity gap, the exchanged particle must 
again be a color-singlet, but the event rates are too large to be explained by 
electroweak boson exchange and indicate a strong interaction process [13]. 

Another type of diffractive event is double pomeron exchange, characterized 
by particle production only in the central rapidity region (Fig. Ic). Each in- 
coming hadron ‘emits’ a (or interacts via an internal) pomeron (state) leading 
to large forward and backward rapidity gaps, and the interaction of the two 
pomerons results in central particle production. This class of events was first 
observed at the ISR in 



pp — >■ pp7T'*'7r 



( 1 ) 





Gsp 



Jet+Jet 



Gap 






Fig. 1. Event topology of dijet production in (a) single diffraction, (b) hard color 
singlet, and (c) hard double pomeron exchange. 
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interactions [14], At the ISR there was insufficient energy to produce hard scat- 
tering in DPE events. UAl previously has made attempts to find “hard dou- 
ble pomeron exchange” using central particle production and forward rapidity 
gaps [15] (gaps close to the beam-pipe on either side). Although they did find 
a class of events consistent with double pomeron exchange, they were unable 
to show that these events did not arise from multiplicity fluctuations in color 
exchange jet events. 

All three classes of events can be tagged by the rapidity gap signature. HSD 
and DPE can also be tagged by detecting the leading particle(s) on the gap 
side. Using rapidity gap tagging, the CDF and D0 collaborations have studied 
dijet production (two or more jets) in all three processes at = 1800 GeV. 
In addition, CDF has studied (single) dilfractive lU-boson, 6-quark, and J/^ 
production using rapidity gaps, and dijet production in HSD and DPE using a 
“roman pot” magnetic spectrometer to detect leading antiprotons [16]. D0 has 
also studied all three processes at -^/s =; 630 GeV and has made measurements 
of the dependence of HSD on jet pseudorapidity [17]. 

2 Hard Single Diffraction 

CDF [18] and D0 [19] measure the rate of single diffraction in different processes 
as the fraction of events with forward rapidity gaps, called the gap fraction. 
Forward rapidity gaps are identified by measuring the multiplicity in the forward 
detectors, or those closest to the beam pipe with the greatest pseudorapidity. In 
both experiments, this is the forward calorimeter (2.4 < [t^I < 4.2 at CDF and 
3.0 < |? 7 | < 5.2 at D0) and the forward scintillator arrays, called the beam-beam 
counter (BBC) at CDF (3.2 < j/yj < 5.9) and the Level0 (L0) detector at D0 
(2.3 < |? 7 | < 4.3). A particle is tagged by a hit in the scintillation counters or by 
the deposition of energy in a calorimeter tower greater than a certain threshold 
energy, set to just above the noise to maximize the sensitivity to particles. At 
CDF, this threshold is 1500 MeV per calorimeter tower, and at D0 it is 150 MeV 
in an electromagnetic calorimeter tower or 500 MeV in a hadronic calorimeter 
tower. 

Figures 2 and 3, respectively, show sample multiplicity distributions at D0 
and CDF. The number of calorimeter towers (ncAL or towers) above the energy 
threshold and the number of scintillator hits (nLo or BBC) are measured opposite 
the leading two jets for the forward jet trigger (at least two jets with Et > 
12 GeV and |?y| > 1.6 for D0 or Et > 20 GeV and 1.8 < |??| < 3.5 for CDF). 
The distributions show the characteristic peak at zero multiplicity in qualitative 
agreement with expectations for a diffractive signal component and a higher 
multiplicity distribution associated with non-diffractive, background events. The 
diffractive and non-diffractive peaks at D0 are more separated because of the 
lower threshold and finer calorimeter segmentation. Both experiments fit the 
distributions to extract the gap fraction, the number of diffractive events divided 
by the total number of events in the sample. CDF fits the two-dimensional 
multiplicity distribution to a line along the diagonal and D0 simultaneously 
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Fig. 2. D0 multiplicity distribution for 
1800 GeV forward jet events. 




Fig. 3. CDF multiplicity distribution 
for 1800 GeV forward jet events. 



fits the diffractive signal to a falling exponential and the background to a four- 
parameter fit. 

Table 1. Diffractive to total production ratios at the TEVATRON 



SD hard process 


VJ(GeV) /?= J^(%) 


Comments 


Exp’t 


W(—^ ev) 


1800 


(1.15 ± 0.55)A^ 


20 GeV 


CDF [11] 


Forward Jets 


1800 


(0.75 ± 0.10)A^ 


> 20 GeV, \rf^‘\ > 1.8 


CDF [8] 


Forward Jets 


1800 


0.65 ± 0.04 


> 12 GeV, > 1.6 


D0* 


Forward Jets 


630 


1.19 ± 0.08 


> 12 GeV, > 1.6 


D0* 


Central Jets 


1800 


0.22 ± 0.05 


> 15 GeV* *, < 1.0 


D0* 


Central Jets 


630 


0.90 ± 0.06 


E^;‘ > 12 GeV, < 1.0 


D0* 


6(-4 e-t-X) 


1800 


(0.62 ± 0.25)^t 


1 \< 1.1, 9.5 <p^ <20 GeV 


CDF [20] 


nn) 


1800 


0.64 ± 0.12 


1 n" |< 0.6, > 2 GeV 


CDF* 



* Preliminary 

Includes rapidity gap acceptance based on a hard gluon structure function 

* * The diffractive jet gap fractions show no Et dependence (shown later), so the 
central jet gap fractions at 1800 and 630 GeV can be directly compared. 

Table 1 shows the measured gap fractions at both experiments for final state 
forward jet, central jet, VF-boson, J/V’, and 6-quark production. There are several 
notable observations: 

• All gap fractions for hard single diffraction are ~ 0(1%). 

• Forward jet gap fractions > central jet gap fractions. 
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• Gap fractions at = 630 GeV are at least twice as large as the gap fractions 
at v^= 1800 GeV. 

As can be seen by the in the gap fraction measurements in Table 1, the 
two experiments treat the measurement of the rate for hard diffraction slightly 
differently. To understand this, it is important to look at the phenomenology. 



2.1 Phenomenology 

The theory of diffraction relies on phenomenological models. The Ingelman- 
Schlein model (IS) supposed that the pomeron is a composite pseudoparticle, 
composed of quarks and gluons. They proposed several simple structure func- 
tions and calculated the cross-section for hard diffraction as the probability of 
a pomeron being ‘emitted’ (called the flux factor) with the QCD hard matrix 
element. The diffractive Monte Carlo POMPYT 2.6 [21] is based on the IS model 
and assumes a pomeron is emitted from the proton. The standard Donnachie- 
Landshoff flux factor is used at the TEVATRON, and the results can be easily 
rescaled for different flux factors. It allows for several possible choices of a pre- 
sumed pomeron structure function, s(a;). The four main structure choices are 
a: (i) ‘hard gluon’, a pomeron consisting of two light gluons, s(a;) oc x{\ — x)\ 
(ii) ‘flat gluon’, s(x) oc constant; (iii) ‘quark’, a pomeron consisting of two light 
quarks, s(a:) oc x(l — a:); and (iv) ‘soft gluon’, with a gluon distribution similar 
to that in the proton, s(x) oc (1 — x)®. The pomeron takes a small fraction of the 
proton’s momentum called and a parton in the pomeron with a momentum 
fraction (3 to interact in the hard scattering. 

The corresponding diffractive Monte Carlo multiplicity distributions with 
POMPYT show the same characteristic peak at low multiplicities as observed in 
the diffractive data with a tail extending to larger multiplicities that is dependent 
on the structure function choice. The expected fraction of diffractive events that 
are produced with a rapidity gap, called the rapidity gap acceptance, can be 
calculated for each structure function. The rapidity gap acceptance is treated 
differently between the two experiments. CDF assumes a hard gluon structure 
function (which has its basis in HERA data) and folds the acceptance into the 
data gap fraction to provide a “true” diffractive rate. D0 chooses to measure the 
rapidity gap fraction with no model dependence and folds the gap acceptance into 
the Monte Carlo predictions. For comparison, the D0 1800 GeV forward jets gap 
fraction with a hard gluon gap efficiency increases the preliminary “measured” 
gap fraction to (0.88 ± 0.05)%. 



2.2 D0 Analysis 

The gap fraction can be calculated from Monte Carlo as the ratio of the number 
of rapidity gap events using POMPYT to the number of non-diffractive events 
with PYTHIA 5.7 [22] divided by the gap acceptance. The Monte Carlo gap 
fractions are shown in Table 2, and the trend is for the harder gluon rates to 
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be much higher than the data, although the different data sets do not favor a 
particular ^,/^-dependent scale factor as suggested by Ref. [23]. 

In the gap fraction ratios also shown in Table 2, the flux factor cancels for the 
same ->/s, while for different t/s, any dependence on the flux factor is reduced. The 
Monte Carlo 630/1800 ratios are in much better agreement with the data than 
the numerator and denominator separately. However, the hard and flat gluon 
structures, which have been favored by previous measurements, are inconsistent 
with the forward/central jet ratio, despite the full cancellation of the flux factor. 
For a gluon dominated pomeron to describe the data, the addition of a significant 
soft gluon component, which rarely produces central jet events with rapidity 
gaps, would be required. 



Table 2. The D0 preliminary measured and predicted gap fractions and ratios. 



Sample 


Gap Fraction (in %) 

Data Hard Gluon Flat Gluon Soft Gluon 


Quark 


1800 GeV lul > 1.6 


0.65 ± 


0.04 


2.2 ± 0.3 


2.2 ± 


0.3 


1.4 


± 


0.2 


0.79 


±0.12 


1800 GeV jui < 1.0 


0.22 ± 


0.05 


2.5 ±0.4 


3.5 ± 


0.5 


0.05 


± 


0.02 


0.49 


±0.06 


630 GeV lul > 1.6 


1.19 ± 


0.08 


3.9 ±0.9 


3.1 ± 


0.8 


1.9 


± 


0.4 


2.2 


±0.5 


630 GeV iui < 1.0 


0.90 ± 


0.06 


5.2 ± 0.7 


6.3 ± 


0.9 


0.13 


± 


0.11 


1.6 


±0.2 


Gap Fraction Ratio 


630/1800 FWD JET 


1.8 ± 


0.2 


1.7 ± 0.4 


1.4 ± 


0.3 


1.4 


± 


0.3 


2.7 


±0.6 


630/1800 GEN JET 


4.1± 


1.0 


2.1 ±0.4 


1.8 ± 


0.3 


2.7 


± 


2.4 


3.2 


±0.5 


1800 FWD/CEN JET 


3.0 ± 


0.7 


0.88 ±0.18 


0.64 ± 


0.12 


29. 


± 


11. 


1.6 


±0.3 


630 FWD/CEN JET 


1.3 ± 


0.1 


0.75 ±0.16 


0.48 ± 


0.12 


15. 


± 


12. 


1.4 


±0.3 



D0 also uses an inclusive jet trigger in coincidence with a rapidity gap in 
the L0 detector to obtain a large number of low background single diffractive 
candidate events with which to study the event characteristics. After reinforcing 
the rapidity gap in the calorimeter, the number of jets, jet width, S(j>, and Et of 
the leading two jets are shown in figure 4 for 1800 GeV diffractive (solid) and non- 
dififactive (dashed) central jet events. The diffractive events are consistent with 
less overall radiation than the non-diffractive events, and the Et distributions 
are similar. 

The ^ distribution, or the momentum loss of the diffracted proton, can also 
be calculated using [24] 







( 2 ) 



summing over the particles with the highest rj and largest Et- The outgoing 
diffracted proton (or the rapidity gap) is defined to be at positive rj. This formula 
measures ^ using only the calorimeter, emphasizing the well-measured central 
region close to the gap. It contains no model-dependence, and it can be defined 
even for non-diffractive events. After correcting for energy scale differences be- 
tween Monte Carlo and data, the distribution (solid) for 1800 GeV and 630 GeV 
forward and central jets are shown in Figure 5. The dotted and dashed curves 
reflect the high and low error. 
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Fig. 4. The number of jets, jet width, S4> between jets, and the Et distribution for the 
two central leading jets at 1800 GeV for the diffractive [solid line) and non-diffractive 
[dashed line) events (D0 preliminary) 




a) 4b) 4 



g 

ui 



c) 




4 d> 4 



Fig. 5. The ^ distribution [solid line) and one sigma uncertainty for a)-b) ^ = 
1800 GeV and c)-d) ^/s = 630 GeV forward and central jets (D0 preliminary) 



The forward jet ^ distribution at both 1800 and 630 GeV is peaked toward 
lower values of ^ although separated from zero because the pomeron requires 
a certain amount of momentum to create two 12 GeV jets. The central jet ^ 
distribution is spread over higher values, consistent with the pomeron requiring 
more momentum to balance the parton in the non-diffracted (anti)proton. The 
^ distribution at 630 GeV is higher overall than at 1800 GeV, as expected be- 
cause more momentum is needed from the pomeron at lower y/s with the same 
jet requirements. Although the trends of the ^ distribution are consistent with 
expectations, pomeron exchange is typically thought to dominate for very low 
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values of ^ < 0.05. The large values of ^ observed, however, can be reproduced 
well with Monte Carlo. 



2.3 CDF Analysis 



The gluon content of the diffractive structure function is measured at CDF by 
comparing the hard single diffractive rates for final states with different sensi- 
tivity to quarks and gluons. This is similar to what is done by ZEUS, which 
compares the diffractive deep inelastic scattering (D-DIS) to dijet photopro- 
duction rates, and by HI, through a QCD analysis of the evolution of the 
diffractive structure function measured in D-DIS. Both experiments measure a 
high gluon content. CDF measured, with the W and dijet production rates, a 
gluon fraction of /g = 0.7 ± 0.2 [11], and has a new measurement including the 
6-quark production rate of fg = 0.541q ]4 [20] (see Fig. 6). 




Fig. 6. The ratio, D, of measured to predicted diffractive rates as a function of the 
gluon content of the Pomeron. The predictions are from POMPYT using the standard 
Pomeron flux and a hard Pomeron structure. 



In 1996 CDF installed three forward proton detectors to be able to tag the 
diffractively scattered proton. Data were taken at both = 1800 GeV and = 
630 GeV, requiring a good reconstructed track. The forward proton detectors 
have acceptance for 0.4 < ^ < 0.1 and |t| < IGeV^ at = 1800 GeV and 
|f| < 0.2GeV^ at = 630 GeV. From these data, events are selected with two 
jets of Et > 7 GeV, and the momentum fraction of the parton in the pomeron 
can be measured from 
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After a correction from pile-up background and detector acceptance, the ratio 
of the data /3-distribution in comparison to a Monte Carlo flat gluon structure 
is shown in Fig. 7. Although well-described at large /3 by a flat structure, there 
is an excess of events at low-/3, implying a softer structure component. This is 
consistent with MC comparisons to data at D0. 



CDF PR(ELIMINARY 





a 

Fig. 7. The ratio of background subtracted data to Monte Carlo simulation using a 
flat gluon Pomeron structure and standcird flux. 



3 Hard Double Pomeron Exchange 

Hard double pomeron exchange is another process to enable better understand- 
ing of diffraction. In the Ingelman-Schlein model, both the incoming proton and 
anti-proton can be said to “emit” a pomeron and the two pomerons interact to 
produce a massive system. 

The data analysis for HOPE is analagous to hard single diffraction, except 
that a rapidity gap or forward proton track is required on one side and the 
multiplicity on the opposite side is measured. D0 triggers at 1800 GeV (630 GeV) 
on two 15 (12) GeV jets and a rapidity gap in the L0 detector. Figure 8 shows the 
opposite multiplicity distributions at 1800 GeV. The distributions at 630 GeV 
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are similar. A clear peak at low multiplicity is observed in both distributions 
above a flat background in qualitative agreement with expectations for an HDPE 
signal. Figure 8 also shows the jet Et distribution for events with two gaps, one 
gap, and an inclusive distribution. The jet Et spectra for jets in both kinds of 
gap events are observed to be similar to the inclusive pp scattering. CDF finds 
similar preliminary results at -^i = 1800 GeV and measures the rates for hard 
double pomeron exchange to be ~ 10~^/A-hw£% where the gap acceptance 
AnvpE ~ 0.1 for two jets with Et > 7GeV and 0.04 < < 0.1 [16]. The 

kinematic properties of HDPE candidates are in agreement with expectations 
events with very little radiation. 



DO Prclirninar)' 




MCW- 




ET distrihuticn of leoding two jets 



Fig. 8. The multiplicity at 1800 GeV after requiring a rapidity gap on the opposite side. 
The peak in the low multiplicity bins shows a clear double gap signal. The bottom figure 
is the corresponding jet Et distribution for the double gap [circles), one gap [dotted), 
and an inclusive jet [solid) samples. 



4 Hard Color Singlet Exchange 

Both experiments have also studied events with a central rapidity gap between 
jets [13,25-28]. This topology could be due to very large momentum transfer 
pomeron exchange (a class of double diffractive events), with |t| >> 100 GeV^ 
compared to the previously mentioned processes which typically have |i| ~ 
OGeV^. The fraction of dijet events with a central rapidity gap is typically 
on the order of 1%. D0 observes an increase in the gap fraction with transverse 
energy and pseudorapidity. Comparisions to Monte Carlo show that the data 
favor a soft color model [29,30], where the hard interaction is a standard QCD 
exchange and the rapidity gap is generated by a cancellation of the color by soft 
radiation. The two gluon models for the pomeron do not describe the data well. 
Although CDF does not observe an increase in the gap fraction with energy and 
pseudorapidity, the measurements are consistent with D0. 
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5 Conclusion 

Hard diffraction has been studied and observed at the TEVATRON in three 
types of processes; single diffraction, double diffraction, and double pomeron ex- 
change at both = 630 and 1800 GeV. The analyses at D0 and CDF present 
consistent and complimentary results. The diffractive events are quieter in gen- 
eral than ordinary QCD events and the pomeron structure in single diffraction 
contains a significant soft component. The hard single diffractive and double 
diffractive gap fractions are ~ 0(1%), which when compared to the HERA 
results ~ 0(10%), represent a breakdown in the factorization of the Ingelman- 
Schlein model. Moreover, there does not appear to be a single scale, dependent 
on y^, between the pp and ep experiments. 
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Towards the Theory of Diffractive DIS 



Wilfried Buchmiiller^ 

Deutsches Elektronen-Synchrotron DESY, Hamburg 



Abstract. The large rapidity gap events, observed at HERA, have changed consider- 
ably our physical picture of deep inelastic scattering during the past years. We review 
the present theoretical understanding of diffractive DIS with emphasis on the close 
relation to inclusive DIS. This includes success and limitations of the leading twist de- 
scription, the connection between diffractive and inclusive parton distributions in the 
semiclassical approach, the colour structure of the proton and comparison with data. 
The progress report concludes with a list of open questions. 



1 Inclusive and diffractive DIS 

The intriguing phenomenon of the frequent appearance of large rapidity gaps 
in electron proton collisions at HERA [1] has changed our physical picture of 
deep inelastic scattering (DIS) to a large extent. The large rapidity gap events 
are very difficult to understand in the parton model where the struck quark is 
expected to break up the proton leading to a continuous flow of hadrons between 
the current jet and the proton remnant. 

To develop a physical picture of diffractive DIS [2] it is convenient to view 
the scattering process in the proton rest frame. In this frame the virtual photon 
fluctuates into partonic states qq, qqg, ... which then scatter off the proton. From 
the leading twist contributions to inclusive and diffractive structure functions 
one obtains the parton distribution functions in a frame where the proton moves 
fast. This connection holds for diffractive as well as non-diffractive processes. 

In the following we shall review the present status of our theoretical un- 
derstanding of diffractive DIS with emphasis on the close analogy to inclusive 
DIS. This is appropriate since diffractive DIS is dominated by the leading twist 
contribution, which has been one of the most surprising aspects of the large 
rapidity gap events. The scattering of the partonic fluctuations of the photon 
off the proton will be treated in the semiclassical approach. After a comparison 
of theoretical predictions with data we shall conclude with a discussion of some 
open questions. 

Inclusive DIS 

Inclusive deep inelastic scattering [3] is characterized by the kinematic variables 

Q^ = -q\ W^ = {q + Pr, ( 1 ) 
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where q and P are the momenta of the virtual photon and the proton, respec- 
tively. The cross section is determined by the hadronic tensor, 




w^AP,q) = l^Y.(P\M0)\x){x\j^mP){27T)^s{p-Px) 

X 

Q2) + ^ (^P, - ^q.^ P2{x, Q^) . (2) 



Here J^{x) is the electromagnetic current, v = q- P, and spin averaging has been 
implicitly assumed. 

The structure functions are a sum of leading twist and of higher twist con- 
tributions which are suppressed by powers of Q^, 

F,{x, g") = Q^) + ^ ^ ) + . . . . (3) 

The leading twist term is dominant for above some value Qg, which is not 
very well known and frequently chosen to be 0(1 GeV^). However, higher twist 
contributions are known to be important for hadronic energies < 4 GeV^ 

[4]. 

The structure functions F^^'^\x,Q‘^) can be expressed in terms of process 
independent parton distribution functions, 

F^^'^\x,Q'^) fi(x,n^) = q(x,^?), g(x,ix^) , (4) 



which depend on x and on the factorization scale At small x, the quark dis- 
tribution is assumed to be the same for all light flavours. The parton distribution 
functions fi(x,g?) obey the perturbative QGD evolution equations [5], 



2 ^ f ( 2 ', 



27t1 2/ 




(5) 



where Pij(z) are the Altarelli-Parisi splitting functions. The parton distributions 
can be directly expressed in terms of the quark and gluon field operators. For 
instance, the quark distribution is given by 

q(x,g^) = ^ I 

(P|g(0,a:_,0i)C/(a:_,oo)|A)7+(A|[/(oo,0)(?(0,0,0i)|P) , (6) 



where U(a, b) is the colour matrix 

U(a,b) = Pexp(^-^ dy_A+(0,y_,0±)^ . (7) 

This definition can be used as a starting point of a theoretical non-perturbative 
evaluation of the quark distribution. 
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Diffractive DIS 

Diffractive DIS can be discussed in close analogy to inclusive DIS. There are 
two more kinematical variables which charaterize the diffractively scattered pro- 
ton: the invariant momentum transfer t and the fraction ^ of lost longitudinal 
momentum. A complete set of variables is 

^=(P-F')^ Q^ = -q\ M^ = {q + ^Pf, f3 = . 

( 8 ) 

Compared to inclusive DIS, the diffractive mass M plays the role of the total 
hadronic mass W, and f3 corresponds to x. 

The hadronic tensor for diffractive DIS, 

Wj^,{P,P\q) = ^Y.^P\JM\X-,P'){X-,P'\J^mP){2T:Y5{P - P' - Px) 

+ l + . . . , (9) 

defines the diffractive structure functions (3,Q’^). Integration over t, 

which is dominated by small |f| for diffractive scattering, yields the extensively 
studied structure function 

(?, [3, q2) = J {t, p, g2) . (10) 



Also the diffractive structure functions have contributions of leading and 
higher twist. 



(C, p, Q^) = q2) ^ F\ ^^,P,Q ) 



( 11 ) 



Again it is unclear above which value of Qq the leading twist part dominates. 
At small x, ~ /x should be large enough, whereas the lower bound on 
is an open question. Our phenomenological analysis in the next section will 
show that the leading twist description breaks down at Mq ~ 4 GeV^. This 
again demonstrates that in diffractive DIS plays a role analogous to in 
inclusive DIS. 

For diffractive DIS factorization holds like for inclusive DIS [6]. The diffrac- 
tive structure functions P, Q'^) can be expressed in terms of ‘fracture 

functions’ [7], or ‘diffractive parton distributions’ [8], 



pD{3,LT) 






dft{^,P,d3^) ^ dq{^,P,fj,'^) dg{^,P,d'^) 

d^ ’ d^ 



( 12 ) 
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which depend on /3 and the factorization scale /i^. The diffractive parton 
distribution functions /?, also obey the perturbative QCD evolution 
equations, 



2 d ^ as f^db // 3 \ 5 , 

^ 2tt J/j b \ b ) 



Note that the evolution takes now place in f3 and Q^; ^ merely acts as a param- 
eter. The physical reason for this is intuitively clear: for an arbitrary DIS event 
the invariant hadronic mass is W, and the quark which couples to the virtual 
photon can be radiated by a parton whose fraction of the proton momentum 
varies from 1 to a: = Q'^I{Q^ + W"^). In a diffractive event, the diffractive in- 
variant mass is M. Hence, W is replaced by M, and the quark which couples 
to the photon can be radiated by a parton whose fraction of the momentum 
varies from 1 to j3 = + M^). Formally, Eq. (13) follows from the fact 

that ultraviolet divergencies and renormalization are the same for inclusive and 
diffractive parton distribution functions [9] . This is apparent from a comparison 
of the corresponding operator definitions. The diffractive quark distribution, for 
instance, is given by [9], 



dq{i,l3,y^^) 



d^ 



647r^ 



dt / 






(P|g(0,x_,0)[/(a:_,oo)|X;P')7+(^;^'|C^(oo,0)(7(0,0,0)|P) . (14) 



Assuming ‘Regge factorization’ for the diffractive quark and gluon distribution 
functions yields the Ingelman-Schlein model of hard diffractive scattering [10] 
which can also be applied to deep inelastic scattering [11]. 

The physical interpretation of the diffractive parton distributions is analogous 
to the interpretation of the inclusive distributions. The function df{^, 6, /d^ is 

a conditional probability distribution. It describes the probability density to find 
a parton /, carrying a fraction ^b of the proton momentum, under the condition 
that the proton has lost a fraction ^ of its momentum in the scattering process. 

The formal definition of diffractive parton distributions tells us very little 
about their properties, although, comparing Eqs. (6) and (14), one may expect 
that diffractive DIS is a leading twist effect. However, the important physics 
question concerns the relation between the two types of distribution functions. 






di 



(15) 



Both kinds of parton distributions represent non-perturbative properties of the 
proton and are therefore not accessible to perturbation theory. Still, one may 
hope that at small x, i.e. large hadronic energies W, some simple relations be- 
tween inclusive and diffractive deep inelastic scattering may exist. In the follow- 
ing section we shall describe a picture of hadrons at small x where this is indeed 
the case. 
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2 Semiclassical approach 



The phenomenon of the large rapidity gap events in DIS is very difficult to 
understand within the parton model. Naively, one would expect that the struck 
quark will always break up the proton, which should lead to a flow of hadrons 
between the current jet and the proton remnant without large gaps in rapidity. 




q 

q 



Figure 1: Diffractive or non-diffractive DIS in the proton rest frame; the proton is 
viewed as a superposition of colour fields with size 1/A. 



The connection between diffractive DIS and ordinary, non-diffractive DIS can 
be most easily understood in the proton rest frame which has frequently been 
used in the early days of DIS, almost 30 years ago. In this frame, DIS appears 
as the scattering of partonic fluctuations of the photon, qq, qqg etc., off the 
proton. In the semiclassical approach [12] the proton is viewed as a superposition 
of colour fields of size l/T in DIS at small x, i.e. at high j*p center-of-mass 
energies. The simplest partonic fluctuation is a quark-antiquark pair (cf. Fig. 1). 
Penetrating the proton, quark and antiquark change their colour. If the qq pair 
leaves the proton in a colour singlet configuration, it can fragment independently 
of the proton remnant yielding a diffractive event. A qq pair in a colour octet 
state will build up a flux tube together with the proton remnant, whose breakup 
will lead to an ordinary non-diffractive event. 

The scattering amplitude for both types of events is determined by a single 
non-perturbative quantity, trVFj,j^ (j/j_). Here x± and x± + y± are the transverse 
positions where quark and antiquark penetrate the colour held of the proton. 
The function 

= U{x±)U\x±+y±) -I , (16) 

with 

U{x±) = Pexp^-^ J da;_A+(0,x_,a;_L)^ , (17) 

is essentially a closed Wilson loop through the corresponding section of the 
proton, which measures an integral of the proton colour held strength. 

Diffractive DIS requires a colour singlet pair in the final state. Hence the 
scattering amplitude is oc trIFc^(?/j_) and the diffractive cross section takes the 
form, 

da° (X j . . . I . . .trVF,^(j/_L) . . . P . (18) 

J X±_ 
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The inclusive cross section is obtained by summing over all colours, which yields 

J X± 

oc f ■.■trWx^iy±)... , (19) 

J X± 

where the last equation follows from the unitarity of the matrix C/(xj_). 

From Eqs. (18) and (19) one immediately derives the properties of Bjorken’s 
aligned jet model [13]. For small quark-antiquark separations one has, 



trlFa,^(?/_L) oc y\ . 



( 20 ) 



Hence, since all kinematical factors are the same for da^ and small qq 

pairs are suppressed in diffractive DIS. For large pairs of size 1/H, the transverse 
momentum l'j_ and the longitudinal momentum fractions a and 1 — a are 



a • 






— , 1 -a~ 1 . 



( 21 ) 



These are the asymmetric, aligned jet configurations [13] which dominate diffrac- 
tive DIS. 



Diffractive and inclusive parton distributions 



In the semiclassical approach the evaluation of inclusive and diffractive structure 
functions is straightforward, in principle. One has to calculate the scattering am- 
plitudes for the production of qq , qqg ... configurations [14] in an external colour 
field, analogous to the production of pairs in an external electromagnetic 

field [15], treat the interaction of the fast partons with the non-abelian colour 
field in the eikonal approximation [16], and finally integrate over all target colour 
fields. 

The result for the leading twist part can be expressed in terms of diffractive 
parton distributions [17]. For the transverse structure function, for instance, one 
finds to leading order in the QCD coupling. 



F^{^,(3,Q^)=2elx 





+ 



27T 



Pgg{z)ln 




fpqg{z)ln^ + . 
\ d 



dq{b,^,g'^) 

di 



(22) 



where z = /3/6, and Cp and Tp are the usual colour factors. This expression is 
completely analogous to the well known result for the inclusive structure function 
Ft{x,Q‘^). In the diffractive case, [3 plays the role of x, whereas ^ only acts as 
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Figure 2: Diffractive DIS in the proton rest frame (left) and the Breit frame (right); 
asymmetric quark fluctuations correspond to diffractive quark scattering, asymmetric 
gluon fluctuations to diffractive boson-gluon fusion. 





Figure 3: Inclusive DIS in the proton rest frame (left) and the Breit frame (right); 
asymmetric fluctuations correspond to quark scattering (a), symmetric fluctuations to 
boson-gluon fusion (b). 
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a parameter. From Eq. (22) it is obvious that, as anticipated, the diffractive 
parton distributions satisfy the perturbative QCD evolution equations (13). 

The diffractive quark and gluon distributions have been determined in [17]. 
In terms of Wilson loops in coordinate space, the quark distribution can be 
expressed as follows, 

dq{j,b,p:^) ^ 2b r r u'Ay±-vl) 

^ 2 ( 1 - 5)3 y {2tt)^Nc yy' 

xK,{yN)K^{y'N) [ trW, j 2 /^)trW]jyl) , (23) 

where Nc is the number of colours and N"^ = 

It is very instructive to compare diffractive DIS in the proton rest frame and 
in the Breit frame (cf. Fig. 2). The number of partons in the final state is the 
same, of course, in both frames. Note, however, that the virtual parton connected 
to the proton changes it’s direction. It appears incoming in the proton rest 
frame and outgoing in the Breit frame. Diffractive quark and gluon distributions 
correspond to asymmetric qq and qqg fluctuations with a slow antiquark and 
gluon, respectively. 

Inclusive parton distributions can be calculated in a similar way. The inclusive 
quark distribution is again given by the asymmetric qq configuration (cf. Fig. 3), 
just with arbitrary colours in the final state. A special role is played by the 
inclusive gluon distribution. It is related to small symmetric qq pairs which 
probe the colour field of the proton directly (cf. Fig. 3). Contrary to all other 
parton distributions, the inclusive gluon distribution [18], 



xg{x,Q'^) 



3 tt 9Er(a;, Q^) 
asd^ dlnQ"^ 

/ tr {dy^ (O)dy^ (0)) = O 




(24) 

(25) 



is enhanced by an inverse power of Og in the semiclassical approach. This is the 
reason why diffractive DIS is suppressed. Note that the gluon distribution can 
be directly inferred from the cross section for a small qq pair with transverse size 

y [19], 



7t2 

<^qq{y; X, Q^) = —asxg{x, Q'^)y'^ + C>(/) . (26) 

Integration over the target gluon fields 

So far we have expressed diffractive and inclusive parton distributions in terms 
of Wilson loops which integrate the gluon field strength in the area between the 
trajectories of two fast colour charges penetrating the proton. The integration 
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over the gluon field configurations of the target is a complicated operation de- 
pending on the full details of the non-perturbative hadronic state. However, in 
the special case of a very large target, a quantitative treatment becomes pos- 
sible under minimal additional assumptions. The reason is that the large size 
of a hadronic target, realized, e.g., in an extremely heavy nucleus, introduces a 
new hard scale [20]. From the target rest frame point of view, this means that 
the typical transverse size of the partonic fluctuations of the virtual photon re- 
mains perturbative [21], thus justifying the omission of higher Fock states in the 
semiclassical calculation. 

Within this framework, it is natural to introduce the additional assumption 
that the gluonic fields encountered by the partonic probe in distant regions of the 
target are not correlated. Thus, one arrives at the situation depicted in Fig. 4, 
where a colour dipole passes a large number of regions, each one of size ~ 1/T, 
with mutually uncorrelated colour fields Ai ... A„. 





































ii 


.... 




■ X + y 

-L 



^2 ^3 



A 



n 



Figure 4: Colour dipole travelling through a large hadronic target. 



The crucial assumption that the fields in regions 1 ... n are uncorrelated is 
implemented by writing the integral over all field configurations as 




i.e., as a product of independent integrals. Here the appropriate weighting pro- 
vided by the target wave functional is implicit in the symbol /^. For inclusive and 
diffractive parton distributions we need the two colour contractions for products 
of Wilson loops, 

tr (y±)) < — ^ (y^)trWl^ (y^) . (28) 

This relation, which provides the connection between inclusive and diffractive 
DIS, is the essence of the semiclassical approach. 

Performing the integration over the colour fields one obtains in the large Nc 
limit [18], 

^ ^ tr {y±)Wl^ (yl)) = QN, (l - (29) 
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where fl = f d^x± is the geometric size of the target and a plays the role of 
a saturation scale. Note that according to Eqs. (29) and (30) the diffractive 
structure function is not suppressed by a colour factor relative to the inclusive 
structure function, in contrast to the suggestion made in [22]. 

As an example, consider the inclusive quark distribution. From Eqs. (23), 
(28) and (29) one obtains, after changing the integration variable ^ to N'^, 



xq{x,^'^)= 

J X 



dq{tb = x/^,fx^) 

di 



I X±^ J I'. 



d xq{x, 
d‘^x±d‘^l'j_ 



(31) 



with the unintegrated quark density 



d xq{x, y?) 
d^xxd^l'^ 



Nc 

327t6 



dN'^N'^ 



pii'±iy±-v'±) y-^y± 



xKi{yN)Ki{y'N) ( 



yy 

1 - 



+g-a(y_L-yl)"^ (32) 



This result has recently been obtained for the quark density in a large nucleus 
[23] by exponentiating the amplitude for a small qq pair scattering off a single 
nucleon, which is described by two-gluon exchange. The effect of the varying 
thickness of the nucleus has also been taken into account in [23], which makes 
the saturation scale a dependent on the impact parameter x±. 

A Glauber type model with two-gluon exchange, similar in spirit to [24], 
has recently been used to study the effect of parton saturation in inclusive and 
diffractive DIS [25] . Although perturbative two-gluon exchange is a higher twist 
effect, the contribution from the soft region can be used as a model for inclusive 
and diffractive DIS [26,27]. 

Particularly close to the semiclassical approach is the light cone hamiltonian 
approach to diffractive processes [28], which is also based on diffractive parton 
densities expressed in terms of expectation values of products of Wilson lines. 
For a hadronic target, modelled as a colour singlet which only couples to one 
flavour of heavy quarks, diffractive DIS is dominated by two-gluon exchange. In 
the semiclassical approach, the proton is described by a superposition of colour 
fields. The role of classical colour fields in the case of high gluon densities has 
first been discussed by McLerran and Venugopalan in the case of a large nucleus 
[ 20 ]. 



Comparison with data 

We now use the large hadronic target as a toy model for the proton. In case the 
proton can be viewed as an ensemble of regions with independently fluctuating 
colour fields, the model might even be realistic. We have explicitly verified that in 
the semiclassical approach inclusive and diffractive parton distributions satisfy 
the DGLAP evolution equations [5]. Hence, we can use the calculated quark and 
gluon distributions as non-perturbative input at some scale Qq and determine 
the distributions at larger by means of the evolution equations. 
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P 




P 



Figure 5: Diffractive quark and gluon distribntions at the initial scale Qo and after 
evolution. From [18]. 



For a given colour field, the semiclassical description of parton distribution 
functions always predicts an energy dependence corresponding to a classical 
bremsstrahlung spectrum: q{x),g{x) ~ \/x. One expects that, in a more com- 
plete treatment, a non-trivial energy dependence is induced since the integra- 
tion over the soft target colour fields encompasses more and more modes with 
increasing energy of the probe [18]. At present we are unable to calculate this 
non-perturbative energy dependence from first principles. Instead, we choose to 
parametrize it in the form of a soft, logarithmic growth of the normalization of 
diffractive and inclusive parton distributions with the collision energy ~ 1/a;, 
consistent with the unitarity bound. This introduces one further parameter, L, 
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0 0.2 0.4 0.6 0.8 1 

P 




P 



Figure 6: Dependence of the diffractive structure function on /3 and Q^, com- 

pared to data from HI (left) [29] and ZEUS (right) [30]. Open data points correspond 
to < 4 GeV^. The charm content of the structure function is indicated as a dashed 
line. From [18]. 
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10 '^ 10 10 10 '^ 10 '^ 10 '^ 

Figure 7: The diffractive structure function P,Q^) at small ^ computed in 

the semiclassical approach, using the fitted parameters given in the text. HI data taken 
from [29]. The open data points correspond to < 4 GeV^ and are not included in 
the fit. From [18]. 
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into the model, 

Q ^ Q {L — Inx)^ . 



(33) 



Including this energy dependence, one obtains the following compact expres- 
sions for inclusive and diffractive parton distributions [18], 



xq{x,Ql) 

xg{x,Ql) 

dq 

dg (/?,■?, Qo) 

d^ 



aQNc {L — In x) 
Stt^ 



In ^ - 0.6424^ 



2aQNc {L — Inx)^ 

a^2N,il-P) 

27,3^2 W) . 



anN^{l-P)^L-lnQ^ 



fM • 



(34) 

(35) 

(36) 

(37) 



These expressions are only applicable in the small- a; region, which we define by 
X < ^ < 0.01. The functions fq^g{(d) are parameter free predictions. The model 
does not specify whether, in the diffractive case, the energy-dependent logarithm 
should be a function of cc or of However, both prescriptions differ only by terms 
proportional to In (3, which can be disregarded in comparison with In x or In ^ in 
the small-x region. 

The above equations summarize our input distributions, depending on a, 
17, L, and the input scale Qq. At this order, the measured structure function 
F 2 coincides with the transverse structure function Ft- We assume all three 
light quark flavours to yield the same contribution, such that the singlet quark 
distribution is simply six times the quark distribution defined above, both in the 
inclusive and in the diffractive case. 



A'(x,Q 2) = 6g(x,g^) , 



dA(g,/3,gg dg($,/3,g") 

di di 



(38) 



Valence quark contributions are absent in the semiclassical approach, which 
does not account for the exchange of flavour quantum numbers between the 
proton and the fast moving virtual photon state. Charm quarks are treated as 
massive quarks in the fixed flavour number scheme [32] (we use ALO,n /=3 = 
144 MeV, as{Mz) = 0.118, = 1.5 GeV, mb = 4.5 GeV, = 2m’). A fit 

to the data yields for the model parameters Qq = 1.23 GeV^, L = 8.16,17 = 
(712 MeV)“^, a = (74.5 MeV)^ . The starting scale Qq is in the region where 
one would expect the transition between perturbative and non-perturbative dy- 
namics to take place; the two other dimensionful parameters 17L^ and a are both 
of the order of typical hadronic scales. 

The perturbative evolution of inclusive and diffractive structure functions is 
driven by the gluon distribution, which is considerably larger than the singlet 
quark distribution in both cases. The ratio of the inclusive singlet quark and 
gluon distributions can be read off from Eqs. (34) and (35). For the obtained fit 
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Figure 8: The inclusive structure function F 2 {x, Q^) at small x computed in the semi- 
classical approach, using the fitted parameters given in the text. Data taken from [31]. 
The data with = 1.5 GeV^ are not included in the fit. From [18]. 



parameters, it turns out that the inclusive gluon distribution is about twice as 
large as the singlet quark distribution. 

The relative magnitude and the (3 dependence of the diffractive distributions 
are completely independent of the model parameters. Moreover, their absolute 
normalization is, up to the slowly varying factor l/ofs((5o), closely tied to the 
normalization of the inclusive gluon distribution. 

Figure 5 displays the diffractive distributions for fixed ^ = 0.003 and different 
values of Q'^. The j3 dependences of the quark and the gluon distribution at Qg 
are substantially different: the asymmetric quark distribution f3dS/d^ is peaked 
around [3 ~ 0.65, thus being harder than the symmetric distribution (3(1 — (3) 
suggested in [11]. The gluon distribution (3dg/d^, on the other hand, approaches 
a constant for /? — >• 0 and falls off like (1 — (3)'^ at large (3. In spite of the (1-/3)^ 
behaviour, gluons remain important even at large (3, simply due to the large 
total normalization of this distribution (the (3 integral over (3dg/d^ at Qg is 
approximately three times the (3 integral over (3dS/d^). As a result, the quark 
distribution does not change with increasing for (3 « 0.5 and is only slowly 
decreasing for larger values of (3. 

The dependence of the diffractive structure function on (3 and is illustrated 
in Fig. 6, where the predictions are compared with data from the HI and ZEUS 
experiments [29,30] at fixed Disregarding the large-/? region, the model gives 
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a good description of the l3 dependence of the diffractive structure function for 
all values of Q^. It is remarkable that the qualitative features of the (3 and 
dependence are also correctly described by the perturbative approach of [28]. 
This indicates that the (3 dependence of the diffractive structure function is to 
a large extent determined by the kinematics of the qq and qqg fluctuations and 
only partly sensitive to the details of the soft interaction with the proton. Also 
the ^ dependence of the diffractive structure function is rather well described 
for > 4 GeV^, as demonstrated in Fig. 7. It has been demonstrated in [27] 
that higher twist contributions can account for the data at low (below 4 
GeV^). This is analogous to the breakdown of the leading twist description of 
the inclusive structure functions, where it occurs for similar invariant hadronic 
masses, namely ^ 4 GeV^ [4]. 

Finally, also the data of the HI and ZEUS experiments on the inclusive struc- 
ture function F 2 {x, Q^) [31] are well reproduced by the model, as demonstrated 
by Fig. 8. 

3 Open questions 

The theoretical work, stimulated by the observation of the large rapidity gap 
events at HERA, has led to a clear understanding of diffractive DIS as a lead- 
ing twist phenomenon. Diffractive parton distribution functions can be defined 
completely analogous to inclusive parton distribution functions. Both kinds of 
distribution functions obey the perturbative QGD evolution equations. The par- 
ton distribution functions cannot be calculated perturbatively, any relation be- 
tween them reflects a non-perturbative property of the proton. The leading twist 
description breaks down at IF^ < 4 GeV^ and < 4 GeV^ for inclusive and 
diffractive DIS, respectively. 

A physical picture for diffractive DIS, and the relation to inclusive DIS, is 
most easily obtained in the proton rest frame where all DIS processes correspond 
to the scattering of partonic fluctuations of the virtual photon off the proton. In 
the semiclassical approach the proton is described by a superposition of colour 
fields. The qualitative properties of the [3 dependence of the diffractive structure 
function are well reproduced by the scattering of colour dipoles off colour fields, 
which are generated either by a small colour dipole or by a large nucleus. This 
supports our general ideas about diffractive DIS. It will be interesting to see 
whether a more precise measurement of the f3 spectrum will be quantitatively 
consistent with the idea of a colour held fluctuating independently in different 
sections of the proton. 

In the semiclassical approach the proton colour held is assumed to be domi- 
nated by soft modes. Hence, diffractive and non-diffractive DIS events are kine- 
matically very similar at small x, i.e. large hadronic energies W . This leads to 
an approximate relation between the inclusive and diffractive structure functions 
[12,33], 






( 39 ) 
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which is in broad agreement with data [30]. For fixed momentum transfer 
and diffractive mass M, both structure functions have the same dependence on 
the 7 *p center-of-mass energy W. The factor 1/lnQ^ reflects the suppression of 
small colour dipoles in diffractive scattering. 

The dependence of the diffractive structure functions on ^ is not affected by 
the perturbative QCD evolution, contrary to the x dependence of the inclusive 
structure functions, and therefore a genuine non-perturbative property of the 
proton. Hence, Eq. (39) can only hold as long as the effect of the perturbative 
evolution can be approximated by a single In factor. The ^ dependence of the 
diffractive structure function then plays the role of the non-perturbative input 
for the inclusive structure function at some low scale Qg. 

One expects that, due to unitarity, diffractive and inclusive structure func- 
tions satisfy a relation similar to the one between elastic and total proton-proton 
cross section [34], 



= J cm{l-S{b)f , 


(40) 


atot = 2 [ d^{l-S{b)) , 


(41) 



where S{b) is the S-matrix at a given impact parameter b. Recently, it has been 
shown that this relation also holds for the diffractive and inclusive cross sections 
of a qq pair off the proton, if the diffractive cross section is defined by the colour 
singlet projection [35]. In the semiclassical approach, this relation can be read 
off from Eqs. (18) and (19) or, more explicitly, from Eqs. (29) and (30). After 
integration over l'j_ in Eqs. (31) and (32), which yields y± = y'j_, one obtains for 
the cross sections of a qq pair with size y, 

^■^(2/) oc ^ y J^trW^^{y±)tTW^^{y±) 

= [2N,(l-e-‘^yy , (42) 

f f tr(lT^^(yj_)TTj^(y_L)) 

Jxj_ JA 

= 2 QN^ (l - . (43) 

Since the dependence of the saturation parameter a on the varying thickness 
of the target has been neglected, the integration over the impact parameter xx 
(corresponding to b in(40),(41)) could be carried out yielding the geometric size 
17 as overall factor. It will be interesting to extend these considerations to more 
complicated partonic fluctuations. 

In the coming years experiments at HERA will provide detailed information 
about diffractive final states, including charm and high-pj_ jets. Anticipating 
further support of the semiclassical approach by data, we can hope to learn a 
lot about the colour structure of the proton from a comparison of inclusive and 
diffractive DIS. 
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The content of this progress report is largely based on recent work with 
Thomas Gehrmann and Arthur Hebecker whom I thank for an enjoyable collab- 
oration. 
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Soft and Hard Pomerons 
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Abstract. Regge theory provides an excellent description of small- a; structure-function 
data from = 0 up to the highest available values. The large-Q^ data should also be 
described by perturbative QCD: the two descriptions must agree in the region where 
they overlap. However, at present there is a serious lack in our understanding of how to 
apply perturbative QCD at small x. The usual lowest-order or next-to-lowest order ex- 
pansion is not valid, at least not until becomes much larger than is usually assumed; 
a resummation is necessary, but as yet we do not know how to do this resummation. 



1 Introduction 

Perturbative QCD has become a well-established description of hard processes. 
But it is not complete: it must be supplemented with other descriptions. 

Regge theory is an example of another description. It was extensively de- 
veloped some 40 years ago [1] and is based on our knowledge of analyticity 
properties of scattering amplitudes. It relates the high-energy behaviour of scat- 
tering amplitudes to exchanges of known particles. In order to describe the data, 
it also introduces extra terms that, at least so far, are not related to exchanges 
of known particles. These extra terms are called pomeron-exchange terms, after 
the Russian physicist Isaac Pomeranchuk. The notion of the pomeron is a very 
old one. We do not know whether it too describes the exchange of particles, but 
if it does there is general agreement that these are likely to be glueballs. 

Regge theory gives an excellent description not only of soft hadronic pro- 
ceses [1][2][3], but also of the behaviour of the structure function F 2 {x,Q'^) at 
small X, all the way from real-photon-induced events (Q^ = 0) up to very deeply 
inelastic ones (large Q^). The structure function describes an example of a semi- 
hard process. Another example of a semihard process is the quasi-elastic reaction 
7 p — >■ J/xl> p. For such semihard processes, the data reveal [4] that there ex- 
ists a second pomeron, the “hard” pomeron, in addition to the original “soft” 
pomeron which enters into purely hadronic reactions. The soft pomeron is cer- 
tainly nonperturbative in origin, though it is possible that the hard pomeron is 
associated with the perturbative BFKL equation [5]. However, there are many 
serious problems [6][7] with the BFKL equation, and so this is not sure. 

Certainly, one would hope that at small x and large Regge theory can 
be made to agree with perturbative QCD, in particular with DGLAP evolution 
[8]. However, there are problems with the DGLAP equation too at small x. The 
equation involves a kernel or splitting function P{z,as{Q^)). If one expands 
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this in powers of as, each term is singular at z = 0. However [9] it is rather 
sure, from general considerations of the known analyticity in of the structure 
function, that P(z,as{Q"^)) is not singular at 0 = 0. The singularities in the 
terms of the expansion are a signal that the expansion is illegal near 2 = 0 , and 
a resummation is needed to remove them. At present, we do not know exactly 
how to do this. It is possible that the presence or absence of the singularity is 
immaterial if is large enough [ 10 ], but for most applications in the literature 
[ 11 ] it is likely to be a real problem. 



2 Regge theory 



Through the optical theorem, the structure function Fi{x,Q'^) is the imaginary 
part of the virtual Compton amplitude Ti [i/, t, Q^) evaluated at zero momentum 
transfer, t = 0. Here 2n = 2p.q = Q'^/x. Regge theory begins [1] by consider- 
ing the crossed-channel process 7 * 7 * — > pp, for which \/i is the centre-of-mass 
energy. It first makes a partial- wave series expansion in this channel, in terms 
of partial- wave amplitudes ai(t, and Legendre polynomials P^(cos Ot), where 
6t is the crossed-channel scattering angle. This expansion has a definite, but 
limited, region of convergence in the space of the three variables cos$t,t,Q^ or, 
equivalently, The partial- wave amplitude ai{t, Q^) is defined initially for 

physical values of the angular momentum, £ = 0,1,2, ....By a well-defined pro- 
cedure, its definition is extended to all values of £, both real and complex, and 
the partial wave series is converted to an integral: 




l)Pe(— cos^t) 

" STrf 



a(£,t,Q'^) 



( 1 ) 



The contour C is initially that of figure la, wrapped arround the positive real-£ 





Fig. 1. Contour C in the complex £ plane for the integral (1) 



axis on which are located the zeros of the denominator sin tt£. But the properties 
of a(£, t, Q^) allow one to use Cauchy’s theorem to distort it to become parallel to 
the imaginary-£ axis, as in figure lb. It turns out that this extends the region of 
convergence beyond that of the original series, and the integral can be continued 
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analytically to where we need it to calculate the structure function Fi(x,Q^): 

t = Q 2iy>Q^ >0 (2) 

As we continue analytically into this region, the singularities of a(£,t,Q^) will 
move around in the complex f-plane, and one of them may try to cross the 
contour C. We must distort the contour again so as to avoid this happening. 
Depending on whether the singularity is a branch point or a pole, we then have 
either figure 2a or 2b. 



0 



i> 



(a) (b) 

Fig. 2. Distortion of the contour C caused by (a) a pole, or (b) a branch point, of 
a(f, t, Q^) trying to cross it 



From what is known about the analyticity structure, it is rather sure that the 
positions of the singularities of a{l, t, in the complex I plane do not depend 
on only on t. In the case of a pole 



the integration around it yields a contribution 

7^/3(Q^^) /^g(t)(-cos 6t) 
sin Tra[t) 

to Ti(y,t,Q^). Now when t = 0 the analytic continuation of cos 6t is 

V 



cos9t = — 



( 3 ) 



( 4 ) 



( 5 ) 



iQrUp 

and when this is large the analytic continuation of the Legendre polynomial has 
the simple behaviour 






sin 7 t£ 






(Re £ > 1) 



( 6 ) 



So, with (5), we see that the integral (1) becomes just a Mellin transform, and 
the “Regge trajectory” a{t) contributes at t = 0 



( 7 ) 
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to the large-z/ behaviour of Here, bi[Q^) is a constant multiple of 

j3[Q'^,0). In the case of T 2 (i^, 0,Q^) its definition includes a kinematic factor 
which reduces the power of i/ by one unit, so since /2x this gives 

F2(x,Q^)-^ f{Q^)x-‘ ( 8 ) 

with 

e = a(0) - 1 (9) 

Regge theory gives no information about the function f(Q^), other than that 
it is an analytic function with singularities whose locations are known [12]. The 
power (1 — a(0)) is independent of Q^. 

3 Fit to data 

In the case where the singularity that crosses the contour C is a branch point 
instead of a pole, dragging a branch cut with it as shown in figure 2b, the simple 
power of X in (8) is replaced with something more complicated. One knows, from 
unitarity [1], that if there are poles in the complex I plane, there must certainly 
also be branch points. 

On the principle that it is usually the best strategy to try the simplest pos- 
sible assumption first, Donnachie and I tested the hypothesis that at f = 0 the 
contribution from branch points is much weaker than from poles. Not everybody 
agrees with this strategy [13], but we applied this several years ago [3] to purely 
hadronic total cross-sections and found that they are all described well by a sum 
of just two powers and The two powers are 

= 0.08 (“soft pomeron” exchange) . , 

£2 = —0.45 (p,w, /, a exchange) ' ' 

More recently [4], we tested the hypothesis that also the contribution to the 
structure function F 2 at small x from branch points is much weaker than from 
poles. We made a fit of the form 



2 

F2(a;,g2)~^/dg')x-^- (11) 

i=0 

We fixed the values of the powers £1 and £2 to be the same as in (10), and left £q 
as a free parameter to be determined from the small- a; structure-function data. 
Our fitting procedure had three stages. First, we arrived at a provisional value 
for £0 by using data only in the region 

a; < 0.07 0 < < 10 GeV^ (12) 



which gave us 



£0 0.4 



(13) 
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Next, with this value for ecj we fitted the data to a sum (11) of three powers 
of X for each values of for which there exist data, still restricting x to less 
than 0.07 . This gave us the plots shown in figure 3 of the hard and soft pomeron 
coefficient functions /o(Q^) and /i(Q^) as functions of Q^. The data do not con- 
strain the (/, a)-exchange coefficient function / 3 (< 3 ^) at all well, so we retained 
the simple form we chose for it in the first stage of our fitting procedure. 





Fig. 3. The hard and soft pomeron coefficient functions fo{Q^) and fi{Q^) extracted 
from the data 
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We know from gauge invariance that F 2 must vanish linearly in as 1 0 
at fixed v. We see that the hard-pomeron coefficient function /o(Q^) recovers 
from this rather slowly as increases, until it begins at fa 10 GeV^ to rise 
quite rapidly. On the other hand, the soft-pomeron coefficient function /i(Q^) 
rises rapidly away from — 0, until it peaks at between 5 and 10 GeV^. It 
then falls again. This was a surprise to us: the soft-pomeron contribution to the 
small- a; structure function apparently is higher twist. 

The third part of our fitting procedure chooses functions that have the general 
shape of the plots in figure 3, with a number of parameters. It still retains the 
same form for which matters significantly only for the real-photon data 

at low energy — our fit includes these for > 6 GeV, and including the /2 
term is essential to fit them. So we use (11) with 



/o(Q') =Ao 


( Q" 
\Q^+Ql 


^ 1 +eo 




(14) 


II 




r - 1 




(15) 




/ 




\ 1+^2 




f2(Q^) 


= A2 ( 


.Q^+Q 


i) 


(16) 



The hard-pomeron power is now again a free parameter, together with the three 
coefficients Ai, the mass scales Q?, and <5|. With these 8 parameters, we obtain 
a per data point of 1.0 for 595 data points. These data points have x < 0.07 
and range from = 0 to 2000 GeV^. Sample plots are shown in figure 4. 

I want to make a number of comments on these fits: 

• The choice (16) for the analytic form of the coefficient functions is an eco- 
nomical set that describes the data well, but there are other choices that 
agree also with the data extracted in figure 3. Using different choices results 
in different values for the hard-pomeron power cq, but they are all within 
10% of 0.4. 

• The choice (16) makes /o(Q^) ~ Q^° at large , which corresponds to 
/3{Q'^,0) in (3) becoming constant for large Q^. There is no general theory 
that explains this, though it has been predicted [14] from the BFKL equation. 
Parametrisations of fo{Q^) that behave logarithmically at large can also 
fit the data satisfactorily. 

• The choice (16) makes ft{Q^) ~ 1/Q at large Q^. Fits that make it instead 
behave as l/Q^ are also acceptable, though less good. A 1/Q behaviour has 
been predicted [15] from a combination of the BFKL equation and infrared 
renormalons, though this is controversial [16]. Fits in which /i(Q^) does 
not go to zero at high do not work: it really does seem that the soft- 
pomeron contribution to F 2 {x,Q^) is higher twist. At, say, = 5 GeV^ 
soft-pomeron exchange dominates in F2{x,Q'^) until x is less than about 
10~^. The consequence of this for conventional structure-function fits [11] 
needs discussion. 

• Without the contribution from the hard pomeron, the fit to the real-photon 
data agrees well [3] with the measured HERA points. However, it is seen 
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in figure 4 that including the hard pomeron makes the fit pass significantly 
above these. 

• Figure 5 shows a fit to the preliminary ZEUS data for the charm struc- 
ture function. It shows that, to a good approximation, these data may be 
described well by hard-pomeron exchange alone. The fit is actually a single- 
parameter fit; it includes the constraint that at high the hard pomeron 
is flavour blind. 

• Figure 6 shows that the data for the semihard process 7P — 1 J/i>p are well 
described by a mixture of soft and hard pomeron exchange [4]. The figure 
is for = 0; the HERA data indicate that, as increases, the hard- 
pomeron component becomes relatively more important. One might guess 
that the data for jp pp may be described similarly, though at = 0 
the soft pomeron dominates. 



4 Perturbative evolution 

At high , parton distributions evolve with according to a perturbative evo- 
lution equation, called the DGLAP equation. In the singlet channel, the equation 
is written [8] in terms of a 2-component vector u whose elements are the singlet 
quark distribution and the gluon distribution: 

/■^ dz 

\i{x,t)= / —P{z,t)u{x/z,t) (17) 

Jr 2 

On the left-hand side, u appears differentiated with respect to 

t=log(QV^') ( 18 ) 

On the right-hand side P is the 2x2 splitting matrix. 

The splitting matrix P may be expanded as power series in as{Q^)- It was 
observed long ago [17] that if one uses just the first term in this expansion, 

and assumes that each element of u(a;,t) has simple power behaviour in x as 
in (8), then the DGLAP equation gives a simple differential equation for the 
coefficient matrix i(Q^) that multiplies the power. Its solution is 

f(Q2)=f(A2)(^log (20) 

where j{N) is the eigenvalue of pop(N). Here p(A) is the Mellin transform of 

p(iV): 

p(A)= f dzz^p{z) 

Jo 



( 21 ) 
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For e = 0.4 the eigenvalue j(e) is close to 3. One may fit the data satisfactorily 
by requiring the hard-pomeron coefficient function fo(Q^) to have this behaviour 
at large Q^, though not as well as with the power behaviour of (16). However, 
in any case it is not valid to use the approximation (19) at low x, even if it is 
supplemented by adding in higher-order terms in the perturbative expansion. 
Such an expansion is not legal at small x, even though it is widely used [11]. 

The problem is that two of the elements pqo and pea of the matrix p(z) 
have poles [8] at z = 0, so that their Mellin transforms have poles at = 0. For 
example, 



■n-pGG(z) ^Pgg{N) — ( 22 ) 

Z iV 

If one includes higher-order terms in the perturbative expansion, all the elements 
of the Mellin transform of the splitting matrix are singular at = 0. The con- 
sequence is that, as soon as is large enough for the DGLAP equation to be 
applicable, > Qg say, the Mellin transforms of the parton distributions ac- 
quire rather nasty singularities at A1 = 0, something like exp(l/A). This conflicts 
with what we believe we know about analy ticity properties in . As I explained 
in section 2, the Regge amplitude at high energy (or small x) is essentially just 
the Mellin transform: the relationship is 

i=zN+l (23) 

So a singularity at A^ = 0 corresponds to one at f = 1. However, the analy ticity 
properties of the amplitude whose imaginary part is F 2 {x, Q^) were well studied 
nearly 40 years ago [1] and there was never any suggestion that it has a singu- 
larity at ^ = 1, let alone a nasty one. If there is no singularity when is small, 
it is not possible that one suddenly appears when we continue analytically in 
to > Qq. That is, there can be no singularity of the splitting matrix at 
N = 0 — and probably not, indeed, at any other value of TV. 

The appearance of the singularity at TV = 0 arises because of the perturbation 
expansion. Compare, for illustration, the function 

<I>{N, as) = TV - \/TV2 _ (24) 

Its expansion in powers of as is 






-h 



(25) 



Each term in the expansion is singular at TV = 0, but manifestly the complete 
function <I>{N, as) is not. The expansion is illegal near TV = 0. 

The timelike splitting matrix is very similar [18] in form to (f>{N,as), but 
in the spacelike region things are a little more complicated. If one combines the 
DGLAP equation with the BFKL equation, which could well be a valid thing 
to do when a; or A is small, one finds that the element Pqg of the spacelike 
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splitting matrix is given [19] in terms of the Lipatov characteristic function [5] 

X(w,as): 



X(Pgg{N,t),as) = N 



(26) 



To lowest order in as, 



x(oj,as) = — ^[2?/)(l)-V>(w) -<0(l-w)] (27) 

7T 

One may easily verify [9] that, if one inserts (27) into (26), each term in the 
expansion of Pgg{N,t) in powers of as is singular at Ai = 0, but the complete 
function Pgg{N,t) is finite there. Some authors [20] therefore advocate that one 
should use the solution to the full equation (26) and avoid expanding it. 

This resummation is obviously sensible, but there are still serious unsolved 
problems. Firstly, it is highly doubtful that it is valid to use the uncorrected 
BFKL equation [6]: it assumes that nonperturbative effects cause no compli- 
cations, and does not properly take account of energy conservation. Secondly, 
even if one ignores these difficulties, using the lowest-order approximation (27) 
to x(w,as) is not valid: the next-to-leading-order correction is huge [7]. There 
have recently been some interesting attempts to solve this problem [21], but 
more work remains to be done. 

So at present, although we know that the elements of the splitting matrix 
cannot diverge at = 0, we cannot calculate them. Any application of the 
DGLAP equation in which they are expanded perturbatively, and in which use 
is made of the fact that the terms in this expansion are large, cannot be trusted. 



5 Summary 

• When we use the DGLAP equation at small x it is not valid to use an 
unresummed perturbative expansion of the splitting matrix — at least, not 
until is somewhat larger than is normally assumed. At present, we do 
not know how to perform the necessary resummation properly. 

• Regge theory with two pomerons fits the small-x data for F 2 {x,Q'^) ex- 
tremely well up to the highest available values of . It strongly suggests 
that at, say, = 5 GeV^, most of F 2 {x, Q^) at small x is higher twist. 

• Perturbative QCD and Regge theory are not rival theories. They complement 
each other and we have to learn how to make them fit together. 
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Institute of Particle and Nuclear Studies, KEK, Tanashi, 188-8501 Tokyo, Japan 



Abstract. The latest status of searches at HERA for physics beyond Standard Model 
is summarized on behalf of Hi and ZEUS collaborations. Emphasis is put on produc- 
tion of resonant particles accessible within the HERA center-of-mass energy, such as 
leptoquarks, squarks in J?-parity-violating supersymmetry or excited fermions. Both 
collaborations have accumulated a large statistics of positron-proton collisions, on 
which the majority of the results are based. Also preliminary results from very re- 
cent electron-proton running are presented. The contents include some updated results 
made available since the time of the workshop. 



1 Introduction 

The HERA collider at DESY is a unique facility, where electrons (or positrons) 
and protons interact at a high center-of-mass energy (a/s), i^e. at a very short 
distance. It collides an electron or positron beam of 27.5 GeV with a proton 
beam of 820 GeV (920 GeV since 1998), resulting in ^/s = 300 GeV (318 GeV). 
Any new phenomenon in lepton-quark interactions due to physics at large energy 
scale could be observed at this unpreceded energy. Unlike e+e“ or pp colliders, 
the initial state at HERA has non-zero lepton and baryon numbers, which makes 
searches at HERA most powerful in discovering particles which carry one or both 
of these quantum numbers. 

Two collider experiments, HI and ZEUS, have been taking data since 1992. 
Most of the results presented here are based on the large data sample of e+p 
collisions taken between 1994-1997, corresponding to luminosities of 36.5 pb“^ 
and 47.7pb“^ for HI and ZEUS, respectively. From 1998 until the middle of 
1999, HERA provided e~p collisions with the increased proton beam energy. 
Preliminary results from 16pb“^ of data taken in this period are also presented. 

For most of the searches, major Standard Model (SM) background comes 
from neutral-current (NC) and charged-current (CC) deep inelastic scattering 
(DIS) processes, which is depicted in Fig. 1 (a). The NC process occurs via t- 
channel exchange of 7 or Z boson, while the CC process turns the electron into 
a neutrino through IV-boson exchange. The following kinematic variables are 
frequently used in DIS analyses: 



= -(k - k')\ ( 1 ) 

x = Q^/{2q-p), (2) 

(3) 



G. Grindhammer, B.A. Kniehl, G. Kramer (Eds.): LNP 546, pp. 427-438, 2000. 
(c) Springer- Verlag Berlin Heidelberg 2000 
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(b) (c) 



Fig. 1. Diagrams of (a) deep inelastic scattering of e'^'p; (b) s-channel and (c)u-channel 
LQ processes involving F = 0 LQs 



where k and k' are the four-momenta of the incoming and outgoing lepton, 
respectively, and p is the four-momentum of the incoming proton. is the 
negative square of the momentum transfer (q), x is the Bjorken scaling variable 
and y is sometimes called the inelasticity parameter. 



2 Leptoquarks and Related Searches 

Leptoquarks (LQs) have both lepton (L) and baryon (S) numbers and couple 
directly to lepton-quark pairs. They appear in many models beyond SM, such 
as Grand Unified Theories, and naturally relate the two families of fermions: 
leptons and quarks. They carry color charges like quarks and have fractional 
electric charges. The set of LQs which preserves SU (3) x SU (2) x [/(I) symmetry 
has been specified by Buchmiiller, Riickl and Wyler (BRW) [1]. They can be 
classified into scalar and vector LQs, and into F = 0 and \F\ = 2 LQs, where 
F = L + 3B denotes the fermion number. 

2.1 LQ Production and Decay at HERA 

Figures 1 (b) and (c) show LQ processes at HERA with s- and u-channel ex- 
change of a LQ. The diagrams are generalized to allow for generation-changing 
LQs (the final-state lepton and/or quark can be of a different generation from 
the initial state), which will be discussed in Sect. 2.4. Here, only first-generation 
LQs (n = 1 and i = = 1 for the Yukawa couplings A in the diagrams) are 

discussed. According to the BRW model, the decay branching ratio of LQ to the 
same initial state eg is either 100% or 50%, depending on the species of LQ. In 
the latter case, the remaining decay is to the pq final state. At HERA, highest 
sensitivity to first-generation LQs can be achieved by producing the LQs via a 
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fusion between the lepton and the valence quarks (w, d), i.e. for F = 0 (|F| = 2) 
LQs in e+p (e~p) collisions. 

An individual LQ event has exactly the same topology as a NC or CC DIS 
event. If the mass of the LQ (mug) is smaller than y/s and the coupling A is 
not too large (order of unity or less), the s-channel resonant production domi- 
nates. In this case there appears a sharp peak at mi,Q in the eq or vq invariant 
mass distributions, or at xq = m^Q/s in the DIS variable x. The production 
cross section for this case can be simply approximated with the narrow-width 
approximation (NWA) : 

(T{ep^ LQ X) = {J +l)^\^q{xo,mlQ) , (4) 

where A is the Yukawa coupling, J is the spin of the LQ and q is the quark 
distribution function evaluated at the resonance x=Xq with the scale 
Another characteristic of LQ process is the different y distribution as compared 
to DIS. The s-channel production of a scalar LQ has a flat y distribution, while 
it is [I — yY for the vector case. They are contrasted to the 1/j/^ dependence of 
DIS processes, which falls more rapidly as y approaches 1. Therefore, the search 
strategy is to start from a selection of NC or CC DIS events and then to look 
for a resonance peak in the large- 1 / region. 

The signal of a LQ with mass close to or above y/s looks different from what 
has been discussed above, but the sensitivity on such LQs does not vanish [2]. 
This will be discussed in Sect. 2.3. 

2.2 Mass Distribution and Limits 

Figure 2 shows the mass distribution from the HI analysis [3] of 1994-1997 e+p 
data. For the NC DIS selection, the mass is calculated using the energy and 
angle of the scattered positron, and for the CC DIS selection using the hadronic 
variables with the Jacquet-Blondel method [4]. Slight excess of events is observed 
in the NC channel at large y around 200 GeV, which comes mainly from the data 
taken during 1994-1996 and was particularly noteworthy before the 1997 data 
were added [5]. No significant excess was seen in the 1997 data alone, and overall 
significance has decreased in the whole data sample. The mass distribution in the 
CC channel is in good agreement with DIS expectation within the uncertainty. 

From the observed and expected mass spectrum, the limits at 95% confidence 
level (CL) on the Yukawa coupling A can be obtained for each LQ type, as shown 
in Fig. 3. At an electromagnetic strength A ~ 0.3, the limits on scalar (vector) 
LQs extend up to 275 GeV (284 GeV). Here only limits on F = 0 LQs are shown, 
but also results on |F| = 2 LQs are obtained, with weaker limits than F = 0. 

Also ZEUS has analysed e+p data in NC [6] and CC [7] channels and obtained 
preliminary limits on LQs. In the NC channel, ZEUS observes a few outstanding 
events at large mass and large y, coming mainly from 1994-96 data [8], but the 
significance has decreased after adding the 1997 data which more than doubled 
the total integrated luminosity. More e+p data will be needed to clarify the origin 
of these high-mass, high-p events events observed by HI and ZEUS. 




430 



Masahiro Kuze 




Fig. 2. Mass spectum for (a) NC-bke and (b) CC-like event selection from HI e'^p 
data (points) compared \vith DIS expectations (histograms). In (a), the distribution 
is shown before and after the mass-dependent lower cut in y designed to enhance the 
signal significance. The shaded boxes on the histograms indicate the uncertainties on 
the expectations 




Mlq(GgV) WlLQ(GeV) 



Fig. 3. Upper limits at 95% CL on Yukawa couplings A as a function of the LQ masses 
for (a) scalar and (b) vector F = 0 leptoquarks. In the plots shown here, only NC data 
have been used 



ZEUS has also looked at the most recent e~p data taken during 1998-99 [9]. 
These data enhance very much the sensitivity to |F1 = 2 LQs, and the increased 
center-of-mass energy in addition extends the sensitivity at the highest mass 
region (~ 300 GeV) close to the kinematical limit. Figure 4 shows the mass dis- 
tribution of events from NC DIS selection. Here the mass (Mej) is the invariant 
mass between the electron and jet, calculated directly using their energies and 
angles. The agreement with SM DIS expectation is very good, and the limits on 
Yukawa coupling for |F| = 2 LQs are plotted in Fig. 5. At A ~ 0.3, the exclusion 
limits extend up to about 290 GeV at 95% CL. 
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Fig. 4. Electron-jet invariant mass distribution from ZEUS e p data [points) compared 
to NC DIS expectation [histogram) 



ZEUS 1998-99 Preliminary 




Fig. 5. Coupling limits at 95% CL as a function of the LQ masses for (a) scalar and 
(b) vector \F\ — 2 leptoquarks. The horizontal lines indicate the couphng strength for 
an electroweak scale, A ~ 0.3 



2.3 High-Mass Leptoquark and Contact Interactions 

The LQ mass range in Fig. 3 extends beyond the center-of-mass energy 300 GeV 
up to 400 GeV. The HI analysis takes into account not only the s-channel con- 
tribution but also u-channel and interference terms between the LQ and SM DIS 
diagrams. When the LQ mass is high, these terms become important and actu- 
ally the LQ is not resonantly produced but gives virtual effects on DIS-like final 
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states [2]. In this case, the mass spectrum would not have a narrow peak but a 
broad mass range would be affected, and also at smaller y values. The range in 
mass and cut in y are thus changed accordingly. On the other hand, the ZEUS 
analysis uses NWA and the quoted limits stop before the coupling becomes too 
large. 

When the mass is even higher, the effect of LQ can be described as an effective 
four-fermion interaction known as eeqq contact interaction (Cl). Cl is an effective 
theory for physics at high mass scales in their approximation at the low-energy 
limit, and can represent not only heavy LQs but also a variety of models beyond 
SM such as new heavy vector bosons or composite models of fermions. The 
effect is parameterized by the ratio of the coupling and the mass scale, g/ A, and 
usually the convention ^^=47T is adopted. Depending on the chiral structure of 
the interaction, many Cl models can be constructed and modify the eq -> eq 
cross section differently. The common effect is the increase of cross section at high 
with the interference effect at intermediate which can be constructive or 
destructive depending on the model. 

ZEUS has analysed 1994-97 e+p data in terms of 30 scenarios of Cl and 
derived lower limits on yl. For details of the analysis, refer to [10]. The limits at 
95% CL range between 1.7TeV to 5TeV for the scenarios considered. It is worth 
to note that eeqq Cl can be tested also at LEP2 (e"*'e“ — > qq) and at Tevatron 
[qq e+e“). Generally the limits from competing colliders are comparable, and 
in some cases ZEUS limits are most stringent or the only existing limits. 

HI has released preliminary results on Cl from data [11] and interprets 
the limits also in terms of LQ mass and coupling ratio, rung/A. The limits, valid 
for ruLQ ;§> y/s, range between 202 GeV and 952 GeV for various type of LQs. 



2.4 Lepton-Flavor Violation 

The processes in Figs. 1 (b) and (c) can allow for the case n > 1, where the 
outgoing lepton is a muon or tau lepton. This is a lepton-flavor-violating (LEV) 
process forbidden in SM. The event signature is very distinct and can be searched 
for with little background from SM processes. 

The HI analysis [3] observes no candidate event consistent with eq y,q' 
or eq — )■ rq' process, with the expected background from SM being 0.12 ± 0.05 
and 0.77 ± 0.30 events, respectively. The limits are interpreted in terms of a 
coupling for low-mass LEV LQs, and also in terms of indirect effects of high- 
mass LFV LQs like the Cl analysis. In the latter case, the limits are given on the 
quantity \u\nk / ■ In some cases where second- or third-generation quarks 
are involved, and especially for the e-r LFV case, HI gives more stringent limits 
than low-energy processes such as rare decays of r or B. 

ZEUS has recently given preliminary results from a LFV search in the muon 
channel using 1994-97 data. No candidate is found where 0.3 events are expected 
from the SM background. Limits have been obtained for the low-mass LFV LQs. 
Under the assumption that the couplings to eq and yq' have the same electroweak 
strength, 95% CL lower limit for the mass of LQs extends up to 285 GeV [12]. 
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3 Supersymmetry with Jl-parity Violation 

Supersymmetry (SUSY) is one of the most promising extension of the SM. Ex- 
tensive searches are being performed at the high-energy colliders LEP2 and 
Tevatron, and HERA is not an exception. HERA’s potential for SUSY discovery 
is maximal in the case of the R-parity-violating (RPV) extension of Minimal 
SUSY Standard Model (MSSM). 



3.1 Phenomenology 

R-parity is a multiplicative quantum number defined as where 

S is the spin of the particle, and is assumed to be conserved in MSSM. R takes 
the value 1 for SM particles and —1 for their SUSY partners. The consequences 
of the R-parity conservation are that SUSY particles are always produced in 
pairs, and that the lightest SUSY particle (LSP) cannot decay. 

However, the general supersymmetric and gauge-invariant superpotential 
contains additional terms which violate R-parity [13] 

^ijkLiLjEk -h -f X'ljfJJiDjDk- (5) 

Here L and Q denote the left-handed lepton and quark doublet superfields; E, 
D, and U are the right-handed singlet superfields for charged leptons, down-type 
quarks and up-type quarks, respectively. The indices i,j,k denote the genera- 
tion. For each term and generation combination, a Yukawa coupling A(A', A") is 
introduced in the model as an additional parameter. 

Of particular interest for HERA is the second term with which makes 
single production of a squark {q) possible through the electron-quark fusion. This 
process is very much like the scalar leptoquark production discussed earlier. If 
the squark decays to eg with the same Yukawa coupling, the analysis is ex- 
actly the same as in the LQ search. However, there are also R-parity-conserving 
decays with gauge couplings q — > qx° and q -> q'x^- These decays to neu- 
tralino/chargino compete with the LQ-like decay, and the branching ratio de- 
pends on the unknown Yukawa coupling and on the MSSM parameters. 

The neutralino or chargino decays subsequently to a lighter gaugino (cascade 
decay), or directly through the RPV coupling. Even the LSP, usually taken to 
be Xi, decays to SM particles via Xi and Xi — t i'{v)qq. Therefore, there 

are variety of final states of squarks involved in the RPV SUSY phenomenology. 



3.2 Experimental Results 

The preliminary ZEUS analysis of 1994-97 data [14] makes a simplifying 
assumption that q -X qxi dominates the gauge decay and ignores cascade decays 
and charginos. The nature of Xi assumed to be a pure photino, in which case 
the branching ratios to eq and qxi decays follow a simple formula [15]. 

The final states are classified to eq, e'^qqq and e~qqq. The second topology 
looks like a NC event with multiple jets in the hadronic final state. The last 
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ZEUS PRELIMINARY 94-97 




Fig. 6. Mass distribution of events selected in e^qqq channel for data [crosses) and 
expectation [dashed histogram) 




Fig. 7. The 95% CL upper limits on the RPV Yukawa couplings as a function of 
the mass of the squark Uj for different neutredino masses M[x°) 



topology has a “wrong sign” lepton for the e+p collision and is a very clean 
channel with small background. The v[i')qqq final states, contributing 12% of 
the Xi decay, is not investigated in this analysis. 

Figure 6 shows the mass distribution of ZEUS events passing the cuts for 
e'^qqq channel. Here, 33 events are observed while 33.6 events are expected from 
SM, mainly from NC DIS and a small contribution from photoproduction pro- 
cesses. In the e~ qqq channel, no event is observed while 0.06 events is expected 
from the background. Since no signal for a resonance is found, limits are derived 
on the couplings (assuming only one ^ to be non-zero at a time) as a function 
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Fig. 9. Upper limits at 95% CL for the RPV couplings X[ji as a function of the squark 
mass, compared with most stringent indirect limits 



of the squark mass, shown in Fig. 7. Here j = 1, 2, 3 corresponds to e'^d —t u, c, i 
production, respectively. The analysis is repeated for three different Xi masses. 

The preliminary HI analysis of 1994-97 e+p data [16] takes neutralino mixing 
into account and investigates SUSY parameter space of a photino-dominated 
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neutralino and a zino-dominated neutralino. It also calculates the branching ratio 
of cascade decays with and xf ■ Figure 8 shows the mass distribution in the 
e + multijets channel. With softer selection cuts than those used in the ZEUS 
analysis, 289 candidates are observed while the SM expectation is 285.7 ± 28.0 
events. In the “wrong sign” channel, one candidate passes the selection while the 
background is expected to be 0.49 ± 0.2. No evidence for a squark is found, and 
the limit on the Yukawa coupling is shown in Fig. 9 for three different masses of 
photino-dominated neutralino and one case of zino-dominated neutralino. The 
coupling A'm is strongly constrained by the neutrino-less double-beta decay, 
but the results on A121 A'^sj are competitive with atomic-parity-violation 
experiments. 

4 Excited Fermions 

The composite models of fermions regard them as being built from more fun- 
damental particles. In such models, leptons and/or quarks can be excited to a 
higher-mass state and decay “radiatively” to the stable ground state (normal 
fermions), emitting gauge bosons such as photon, W 01 Z bosons. At HERA, 
excited states of electrons or quarks can be created through the f-channel photon 
or Z exchange in eq interaction, and excited neutrinos or quarks can be created 
through the W exchange. The excited electrons can also be produced in the 
elastic process ep e*p. The search strategy is to reconstruct a photon, W or 
Z boson (U) in an event and look for a resonance peak in the f — V invariant 
mass, where / is an electron, a quark or a neutrino (missing momentum). 

The preliminary HI analysis of 1994-97 e'^p data [17] searches for excited 
fermions in the decay channels e* — > e~f, eZ, i/W‘, v* — > vZ, eVE; q* — )■ 57, q'W . 




Fig. 10. Upper limit at 95% CL for the excited quark coupling divided by the com- 
positeness scale, //A, as a function of the q* mass 
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Fig. 11. Upper limits on f j A at 95% CL for (a) e* and (b) u* production, as a function 
of the excited-lepton masses 



The hadronic decays of W, Z and leptonic decays W ^ ev, Z ^ ee, i/i> have been 
exploited. In all cases, the numbers of observed events are in agreement with the 
SM expectations and no evidence for a resonance has been fonnd. 

The derived limits are based on a specific phenomenological model of excited 
fermions [18] in which the cross sections depend on coupling constants /, /' and 
fs for the gauge groups SU(2),U{1) and SU{3), respectively, and the compos- 
iteness scale A. The decay branching ratio of excited fermions are determined 
once relationships between the couplings are fixed. Figure 10 shows, as an ex- 
ample, the limit on f j A for the excited quark production under the assumption 
f = f and fs = 0. The latter condition makes the results complementary to the 
searches at Tevatron, where the production of q* is assumed to occur through 
the quark-gluon fusion (/« ^ 0) [19]. 

ZEUS has made a preliminary search for e* using the data taken during 1996- 
97 (37pb“^) [20]. The decays e* e^,eZ,vW are exploited with the hadronic 
decay of W and Z. No evidence for a resonance has been found, and the limits on 
f / A using the same model [18] have been derived under the assumption / = /'. 
The limits are shown in Fig. 11 (a). A combined limit from the three decay 
channels is also derived. It can be seen that limits from LEP2 are more stringent 
below its center-of-mass energy, and HERA limits are competitive above it, where 
the on-shell production of e* is not possible at LEP2 and limits come from 
searching for the signs of virtual e* exchanges in the process e+e" -+ 77 [21]. 

ZEUS has also performed a preliminary search for v* using the recent e“p 
data taken in 1998-99 [20]. Using this smaller integrated luminosity (16pb“^) 
than e'^p data is far more beneficial in v* search, since the production cross 
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section in e+p at high p* mass is strongly suppressed compared to e~p. It is due 
to the smaller d-quark density compared to u quark at high x and the (1 — y)^ 
suppression factor coming from the chiral nature of W exchange. The search has 
been done in v* i/j channel only, and two observed events are in agreement 
with the SM expectation of 1.8 ± 0.2. The obtained limit on f/A for the case 
/ = — /' (the i/* i/j decay vanishes for the case / = /') is shown in Fig. 11 (b). 

5 Conclusion and Outlook 

Extensive searches for physics beyond Standard Model are being performed by 
the two collaborations HI and ZEUS at HERA. No convincing signal of new 
particles has been established so far, giving limits on their production which are 
competitive with the searches at other colliders. 

HERA is planning to continue running until May 2000 with the current design 
and then undergoes major upgrade plans in order to increase the luminosity. 
There will be new final-focusing magnets close to the interaction point, which 
means that also the detectors will be modified during the upgrade shutdown. 

The new running from 2001, with five times more luminosity than the cur- 
rent design value, will bring an order of lfb“^ of integrated luminosity. This 
large amount of data allows the experiments to make high-statistics analyses at 
large-Q^ and high-mass regions, which will eventually unreveal the breakdown 
of Standard Model if the new physics is existing within the reach of HERA. 
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Abstract. The Hi and ZEUS Collaborations have observed events with high energy 
leptons and missing transverse momentum at the electron-proton collider HERA. While 
some of these events can be explained by the expected properties of W production with 
leptonic decay, three events with muons observed by Hi show properties atypical for 
Standard Model processes. 



1 Introduction 

In the history of high energy physics leptons and missing transverse momentum 
have proven to be powerful signatures in searches for new phenomena. In 1994, 
the HI Collaboration has within a modest integrated luminosity of ~ Apb~^ 
observed an outstanding event [1] featuring a high Pt isolated muon, a high Pt 
hadronic system and a large missing Pt. Although the kinematics of the event 
was found to be compatible with the production of an on-shell W decaying 
leptonically, the event was found in a region of phase space not likely to be 
populated by this process. 

By now the luminosity accumulated at HERA in e+p collisions at an energy 
of y/s = 300 GeV is an order a magnitude higher. We report on dedicated 
searches [2,3] performed by both HERA experiments for events of such topology, 
with either an isolated electron or muon. We also report on an analysis of most 
recent data accumulated in e~p collisions in the years 1998-1999 at an energy of 
^ = 318 GeV. 

2 Production of W bosons in electron-proton collisions 

Within the Standard Model (SM), the dominant source for events with an 
isolated high Pt lepton and large missing Pt is the production of W bosons 
with subsequent leptonic decay. The lowest order diagrams for these processes 
(ep eW^X,W^ ) are shown in figure 1. From the MC simulation 

(using the program EPVEC [4]) one expects 

• a cross section ~ 50/6”^ per charge state and leptonic decay channel 

• the cross section to increase towards low transverse momenta of the 
hadronic system 

• a Jacobian peak in the transverse mass of the lepton-neutrino system. 



G. Grindhammer, B.A. Kniehl, G. Kramer (Eds.): LNP 546, pp. 439-448, 2000. 
(]c) Springer- Verlag Berlin Heidelberg 2000 
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Fig. 1. Parton level diagrams for the process eq eqlu. 



In EPVEC the cross section is calculated in leading order. Higher order QCD 
terms might enhance lE-production especially at high . NLO calculations, 
which were recently made available [5] for W production processes induced by 
resolved photon interactions predict cross sections very close to the EPVEC 
numbers. However, for the high part of the cross section, which is dominated 
by direct photon interactions, NLO calculations are not yet available. 

W production at HERA also proceeds via the diagram in figure le, i.e. the 
Triple Gauge Boson Coupling. At HERA, photon exchange dominates over Z 
exchange allowing for the study of the -)WW vertex. The '^WW coupling is 
conventionally described with two parameters labelled k and A. In the Standard 
Model they take the values k = 1 and A = 0. Anomalous couplings may give rise 
to harder distributions in the transverse momentum of the W and thus in P#. 
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3 The Data 

3.1 HI Analysis 

The analysis is based on the Charged Current (CC) event selection [6] including 
the following criteria (for details see [2]) 

• calorimetric missing transverse momentum > 25 GeV 

• a well measured track with Pt > 10 GeV [High Pt track) 

• a reconstructed vertex in the interaction region 

• topological and timing filters against cosmic and halo muons 

• rejection of badly measured neutral current events 

For the e+p data sample, corresponding to 36.5 ph~^ this selection leads to 124 
events. 

For this data sample the isolation of the high Pt tracks with respect to jets 
or other tracks in the event has been investigated. The isolation is measured by 
the distance of the high Pt track in the rj — <^-plane (pseudorapidity-azimuthal 
angle-plane) to its nearest neighbour track (Dtrack) and to the nearest hadron 
jet (Djet) ■ Figure 2 shows the data sample in the Dtracfe-Djet-plane. The bulk 
of the 124 events are located at small values of both distances, as expected for 
genuine Charged Current events where the high Pt track is associated with 
the hadronic shower. However, six events show a high Pt track clearly isolated 
in the Dtrack^Djet-piskne, All 6 tracks are identified as leptons, five are muons 
(2 /<■*■, 2 p~ and one p of undetermined charge) and one is an e~ . The typical 
characteristics of these events can be seen in fig. 3, where one of the muon-events 
is shown as an example. Table 1 gives selected kinematic parameters of these 




Fig. 2. Correlation between the distances and Dtrack (see text) to the closest 

hadronic jet and track, for all high Pt tracks. 
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Fig. 3. Display of a HI muon event. Shown are a longitudinal and a transverse view 
as well as the energy release as a function of azimuthal angle ^ cind pseudorapidity r/. 



six events. Although not required in the selection also the muon events show a 
significant imbalance in the total transverse momentum 

The event rates from all Standard Model processes expected to contribute 
to the signal are summarized in table 2. W production yields for both lepton 
channels the highest expected rate. Whereas in the electron channel the observed 
rate is well compatible with expectation, in the muon channel the observed five 
events are to be compared with an expectation of 0.8 ± 0.2. 

In order to compare the kinematic characteristics of the observed events 
with those expected from W - production a Monte Carlo simulation of W - pro- 
duction was performed with 500 times the statistics used in the data sample. 
Figure 4 shows for the e— and /i— channel the simulated events in the plane 
of hadronic transverse momentum and transverse mass M!p , together with 
the six events under consideration. Here Mjf is calculated from the transverse 
momentum of the charged lepton and a neutrino, which is assumed to carry the 
observed missing transverse momentum For VK-production one would ex- 

pect to be low and the Mjf distribution is expected to show a J acobian peak 
around the W-mass. The observed e~ events shows these characteristics. Also 
two muon events are in a region of phase space where W- events are expected. 
In one of them (MUON-3) an additional positron is observed. Identifying this 
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[GeV] 


ELECTRON 


MUON-1 


MUON-2 


MUON-3 


MUON-4 


MUON-5 


O' 


neg. 


pos. 


pos. 


neg. 


neg. 


unmeas. 


Pir 


37.6i];® 


23.4tli 


28.0l®;^ 


38.61^^4° 


0J--3_26.4 


> 44 


pX 

t'T 


8.0 ±0.8 


42.2 ±3.8 


67.4 ± 5.4 


27.4 ± 2.7 


59.3 ± 5.9 


30.0 ± 3.0 


Tymiss 

t'T 


30.6 ± 1.5 




43.2t^;‘ 


42.11^0- 


29 4+^^ ® 


> 18 


m!t^ 


67.7 ±2.7 




22.81®;^ 


75.8tf,;°o 


94+157 


> 54 



Table 1. Reconstructed event kinematics of the Hi events. Given are the charge Q‘ of 
the lepton, the trcinsverse momenta of the lepton P^, of the hadronic system Pt , the 
total missing transverse momentum P™*®* and the transverse lepton-neutrino mass 
M!t^. In case of event MUON-5 2<j limits are quoted for the muon momentum and 
derived quantities. 





Electron Channel 


Muon Channel 


Data 


0 e+,1 e“ 


5 


W production 


1.65 ±0.47 


0.53 ±0.11 


Z production 


0.01 ±0.01 


0.01 ±0.01 




0.02 ±0.01 


0.01 ±0.01 


Neutral Current 


0.51 ±0.10 e+, 0.02 ± 0.01 e~ 


0.09 ± 0.06 


Photoproduction 


< 0.02 


< 0.02 


Heavy Quarks 


< 0.04 


< 0.04 


Photon-Photon 


0.09 ± 0.03 e+, 0.04 ± 0.01 e~ 


0 14'*'^'^‘^ 



Table 2. Observed and predicted event rates (HI). The limits given correspond to 
95% confidence level. Unless stated otherwise the quoted numbers refer to the summed 
production of both lepton charged states. 



positron with the scattered positron, allows to constrain the kinematics yielding 
an invariant muon-neutrino mass of M = 82l^2l^eU. The remaining three muon 
events (2 p'*' and lp“) are unlikely to be explained by W production or other 
SM processes considered. 



3.2 ZEUS Analysis 

The ZEUS collaboration has performed two analyses (for details see [3]) using 
47.7 pb~^ of e+p data. 

One analysis searches for isolated tracks in events which are unbalanced in 
transverse momentum. The selection criteria are very similar to those applied in 
the HI analysis. The main criteria are > 20 GeV, an isolated track with 

Pt > 10 GeV and at least one hadronic jet with Et > 5 GeV. Three events 
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Fig. 4. Distribution of the Hl-events in the P^-Mip plane. Figure a) shows the electron 
channel, figure b) the muon channel. The 1-cr uncertainties on the measured kinematic 
parameters are indicated by the crosses. (For event the 2(t lower limit is shown 
for Mx .) The dominant SM contributions (dots for W production, open circles for 77 
processes in the fjt chaimel) are shown for an accumulated luminosity which is a factor 
500 higher than in the data. For the p channel no significant contribution is expected 
below Px — 25 GeV due to the event selection criteria. 



pass the selection criteria, in all of them the high Pt track is identified as an e"*" . 
The observed event yield agrees with the SM expectations of 3.5 ± 0.7 electron 
events and 2.0 ± 0.4 muon events, to which W production contributes 0.9 and 
0.4, respectively. 

In the other analysis ZEUS performed a dedicated measurement of the W 
production cross section. Here no hadronic activity was required but an electron 
or muon signature was requested in the selection. Three events were found in 
the electron channel (two in common with the first analysis) and zero events in 
the muon channel. Fig. 5 shows the display of one of the events. The imbalance 
in transverse momentum is clearly visible. Table 3 shows selected kinematic pa- 
rameters of the 3 events. In fig. 6 the events are compared with a MC simulation 
of W production. They are found to be well compatible with expectation. The 
backgound in the event sample, mainly from CC processes, is estimated to be 
1.1 ± 0.3 events. Subtracting this background from the observed 3 events yields 
a cross section of u-(e+p ->■ e'^W'^X) = 0.9to° (stat) ± 0.2{syst) pb. This result 
agrees well with the SM leading order expectation [4] of 0.95 pb. 

Best limits on anomalous couplings were obtained when considering only 
the phase space region of higher values of and combining the electron and 
muon channel. For P^ > 20 GeV zero events were observed compared to a SM 
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Fig. 5. Display of a ZEUS electron event. Shown are a longitudinal and a transverse 
view. 



[GeV] 


el 


e2 


e3 


Pt 


22.1 ± 1.1 


37.1 ± 1.6 


48.8 ± 2.0 


pX 


0.4 ±0.1 


18.7 ±2.2 


19.0 ±2.5 


Tjmiss 

rr 


21.7± 1.1 


32.9 ±1.4 


34.9 ±2.4 




43.7 ± 1.6 


68.2 ±2.2 


81.4 ±3.2 



Table 3. Reconstructed event kinematics of the three ZEUS events. Given are the 
transverse momenta of the lepton P^, the hadronic system ,the total event PJ?”* 
and the transverse lepton-neutrino mass 



expectation of 1.2 events from W and 0.52±0.18 events from other sources. From 
this an upper limit (95% C.L.) on the cross section of (t{P^ > 20GeV) < 0.58 
pb is derived which translates into limits of 

-4.7 < zIk < 1.5 for A = 0 
—3.2 < A < 3.2 for Ak — 0 

on the anomalous WW^ couplings [Ak = k — 1, A). With the present statistics 
this result is not yet competitive with the limits derived at the Tevatron and 
LEP, but will clearly improve with larger statistics. 

4 Results from e~p HERA running 

In the years 1998/1999 HERA was operated with electrons of 27.5 GeV colliding 
with protons of 920 GeV resulting in y/s = 318 GeV. Both experiments applied 
the same analysis procedures as explained above. 
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ZEUS 1994-97 




Transverse Mass (GeV) Missing (GeV) 



Fig. 6. Distribution of the three e"*" events observed by ZEUS in the - M‘t plane 
and in the Py - PJ^”® plane, compared with a Monte Carlo study of W production 
with a luminosity of 50/6“ ^ 



ZEUS observed in a luminosity of 16p6“^ two events with isolated tracks, 
both being identified as electrons (e“). The result is consistent with the expec- 
tation of 1.6 ± 0.4 events from SM processes, of which 0.8 ± 0.4 and 0.8 ±0.1 
are in the electron and muon channel, respectively. Both events observed show a 
Neutral Current event topology where the missing transverse momentum P™^“ 
is in one event due to a large energy leakage out of the main calorimeter and in 
the other event due to an energetic muon associated to the hadronic shower. 

HI analysed a data sample corresponding to 14p6“b No event was found 
fullfilling the selection criteria for the search for events with isolated tracks and 
pmtsa rpjjg gjyj expectation is 1.0±0.2 events in the electron channel and 0.4±0.1 
events in the muon channel. 

The good agreement between observation and SM expectation in both exper- 
iments implies that within the present statistical accuracy there is no evidence 
of an excess of events with an isolated lepton and missing Py in e“p scattering 
at HERA. 



5 Interpretation of the H 1-Muon-Events 
beyond the Standard Model 

Considering the low probability of the signal observed by HI in the muon channel 
in e+p data to be explained within the SM it is worthwhile investigating which 
processes beyond the SM could explain the observed events. 
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• The interpretation of a lepto-quark produced by positron-quark fusion and 
decaying into a muon-quark system can be discarded because the measured 
event kinematics is incompatible vrith a 2-body decay. 

• In the hypothesis of a resonance decaying into a quark and an onshell W 
which decays leptonically, the escaping neutrino can be reconstructed using 
the W mass constraint. The resulting invariant mass of the system formed 
by the W and the measured hadronic system X is for the events MUON- 
2 and MUON-4 within measurement errors found to be compatible with 
the top mass. While the SM expectation for top production at HERA is 
unmeasurably small, it could be significantly enhanced in dynamical models 
for fermion mass generation [7]. 

• Another hypothesis is the production of squarks in Supersymmetric Models 
with R-parity violation. Stop quark production (e+d — > t) has been discussed 
by T. Kon et al. [8]. Events of the observed topology could be due to a decay 
f — with the sbottom quark decaying via b dv. This process would 
naturally produce events with a high Pt lepton of positive charge, a high Pt 
hadronic jet and significant missing Pt - The kinematics of the muon events 
is found to be compatible with a scenario with a stop mass of 200 GeV and 
a sbottom mass of 100 GeV. 

In order to investigate this hypothesis further an analysis has been performed 
by HI selecting events with at least two jets and missing transverse momen- 
tum. In this class of events one would accept those stop decays in which the 
W decays hadronically. No events in excess of the SM expectation have been 
observed. From this fact a 95% upper limit on the expectation in the muon 
channel of Nobaerved{W iJ.i') < 0.36 events can be derived. This result does 
not support the hypothesis that the three outstanding muon events could be 
due to this process. 



6 Summary and outlook 



At the HERA electron proton collider events have been observed which feature a 
high Pt charged lepton together with a significant imbalance in the overall event 
transverse momentum. Some of the observed events can be understood in terms 
of a production of on-shell W bosons, decaying leptonically. This constitutes the 
first observation of this process in lepton hadron scattering. The cross section 
observed agrees with Standard Model expectations. 

In the HI experiment three events have been observed in the muon channel, 
which are unlikely to be due to W production or other SM processes. The origin 
of these events will most probably only be clarified with much higher luminosi- 
ties. The prospects to accumulate luminosities at least an order of magnitude 
higher than available now, are very good, since in 2000 the HERA machine is 
undergoing a major luminosity upgrade. 
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Beyond the Standard Model at HERA 



Hubert Spiesberger 

Institut fiir Physik, Johannes-Gutenberg-Universitat Mainz, D-55099 Mainz, FRG 



Abstract. The prospects of physics beyond the standard model in deep inelastic scat- 
tering are reviewed, emphasizing the search for contact interactions, for leptoquarks 
and for supersymmetry with /i-parity violation. /?-parity violating supersymmetry is 
explored as a speculative source of events with high energy muons and missing trans- 
verse momentum, but no convincing explanation for events of this type observed at HI 
is found. 



1 Introduction 

The luminosity delivered to the experiments at HERA has now become large 
enough to open a new focus of physics analyses looking at processes with cross 
sections of the order of 1 pb and below. This is the typical value for neutral and 
charged current (NC and CC) cross sections at large values of Bjorken x and mo- 
mentum transfer . Also measurements of rare standard model (SM) processes 
like the production of an additional gauge boson, are becoming possible. These 
low cross section processes provide a wealth of possibilities to look for deviations 
from the standard model predictions and constitute important backgrounds for 
searches for physics beyond the standard model [1]. 

The motivation to search for new physics at HERA has received a strong 
impetus by the observation of enhancements of cross sections at several places. 
The excess of events at large x and large Q"^ in NC and CC scattering [2] observed 
in the 1994-96 e+p data has been discussed at length in the literature (see [3,4] 
and references therein). A similar excess was not observed in the 1997 data so 
that the significance in the complete 1994-97 data sample is reduced, but still 
there: in the mass bin 200GeV±4M/2 {AM = 25GeV) and for y > 0.4, HI 
observed 8 events, but only 2.87 ± 0.48 are expected (see Fig. la). In the CC 
channel the observed number of events is in agreement with the SM predictions 
within the uncertainties: HI observed 7 events with > 15,000GeV^ (4.8±1.4 
expected) and ZEUS found 2 with > 35, 000 GeV^ (0.29±0. 02 expected), both 
in the 1994-96 data set. Notably the occurrence of five events with an isolated 
muon and large missing transverse momentum at HI [5] which are seemingly 
not all a sign of W production presents a challenge for the understanding of the 
experiments. 

In the following, I selected some of the alternatives to standard model physics 
which, if realized in nature, have a good chance to be discovered at HERA. If not, 
HERA is expected to significantly contribute to setting limits on their respective 
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Fig. 1. Mass spectra for NC (left) and CC (right) DIS-like events for data (symbols) 
and SM expectation (histograms) observed at HI in 37pb“' of e“*‘p data taken in 
1994-1997 [6] 



model parameters. Other related topics of interest have been discussed previously 
in Refs. [1,7]. 

2 New Physics Scenarios 

Despite the great success of the standard model, various conceptual problems 
provide a strong motivation to look for extensions and alternatives. Two main 
classes of frameworks can be identified among the many new physics scenarios 
discussed in the literature: 

• Parametrizations of more general interaction terms in the Lagrangian like 
contact interactions or anomalous couplings of gauge bosons are helpful in 
order to quantify the agreement of standard model predictions with exper- 
imental results. In the event that deviations are observed, they provide a 
framework allowing to relate different experiments and cross-check possi- 
ble theoretical interpretations. Being insufficient by themselves, e.g. because 
they are not renormalizable, parametrizations are expected to show the di- 
rections to the correct underlying theory if deviations are observed. 

• Models, sometimes even complete theories, provide specific frameworks that 
allow a consistent derivation of cross sections for conventional and new pro- 
cesses. Examples are the two-Higgs-doublet extension of the standard model, 
grand unified theories and, most importantly, supersymmetry with or with- 
out i?-parity violation. 

The following examples attained most interest when the excess of large-Q^ events 
at HERA was made public [3,4]. 
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2.1 Contact interactions 

The contact interaction (Cl) scenario relevant for NC processes assumes that 4- 
fermion processes are modified by additional terms in the interaction Lagrangian 
of the form 

£ci= X] ■ (1) 

i,k = L,R ^ 
q = u,d, ■ ■ ■ 

LEP 




Fig. 2. Schematic view of a contact interaction term. 



Similar terms with 4-quark interactions would be relevant for new physics 
searches at the Tevatron and 4-lepton terms would affect purely leptonic in- 
teractions.^ In equation (1), as is usual practice, only products of vector or 
axial- vector currents are taken into account, since limits on scalar or tensor in- 
teractions are very stringent. Such terms are motivated in many extensions of the 
standard model as effective interactions after having integrated out new physics 
degrees of freedom like heavy gauge bosons, leptoquarks and others, with masses 
beyond the production threshold. The normalization with the factor 47 t is rem- 
iniscent of models which predict Cl terms emerging from strong interactions at 
a large mass scale A. 

Equation 1 predicts modifications of cross sections for processes involving two 
leptons and two quarks in all channels as visualized in Fig. 2. Both enhancement 
or suppression are expected, depending on the helicity structure of the contact 
term and its sign If the Cl mass scale is large, the highest sensitivity is 
expected at experiments with highest energies, but due to the extremely high 
experimental precision, also atomic parity violation experiments at low energies 
are sensitive to parity-odd combinations of helicities [10]. 

Limits from single experiments at the Tevatron, HERA or LEP2 for models 
with one single parameter [11] are typically in the order of several TeV, and 

’ Contact interactions modifying CC processes can be constructed in a similar way 
and have been investigated in Refs. [8,9]. 
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all present high-energy experiments have achieved limits in a very similar mass 
range despite their different center-of-mass energies. Consequently, with a sig- 
nal at HERA one should expect visible effects at LEP2 and at the Tevatron. 
Moreover, global fits taking into account experimental data from these different 
sources give valuable additional insight. Recent global fits [12,13] have taken into 
account new data from HERA, LEP2, the Tevatron and GCFR. The resulting 
limits for single-parameter models increase from the range 1.8-10.5 TeV (derived 
from a single experiment) to 5.1-18.2 TeV (derived from the global analysis) [12]. 
In a general model where 8 independent parameters are allowed to be non-zero 
at the same time, the limits are of course weaker and range from 2.1 to 5.1 TeV 
for the various mass scales A comparison of various data obtained at LEP2, 
the Tevatron and HERA with the prediction of a model with contact interactions 
as obtained in the best global fit of Ref. [12] shows that only the HERA data at 
highest values of tend to support the presence of a contact term. 

Assuming the presence of contact interactions with a mass scale in the range 
allowed by the best fit one can derive 95 % CL limits for the predicted deviations 
from the SM cross sections. Figure 3 shows the results for e+p and e~p scattering 
at HERA. Obviously, a possible deviation in electron scattering is much more 
restricted than for positron scattering; in the latter case, deviations of the cross 
section for > 15,000GeV^ from the standard model of 40% are allowed, 
whereas only 20 % deviations are inside the 95 % CL band for the former case. 
A luminosity of 100-200pb“^ would suffice in e"*'p scattering to observe such a 
deviation. On the other hand, measurements with positrons at HERA have a 
better chance to further improve limits on contact terms. 




Fig. 3. The 95 % CL limit band on the ratios of e"*" and e cross sections for NC DIS 
at HERA with and without a contact term of the best fit of [14] 



In the case of the observation of deviations from the standard model pre- 
dictions, the combination of results obtained in different experiments and from 
measurements with polarized beams will be helpful to identify the helicity struc- 




Beyond the Standard Model 453 




Q® (GeV®) (GeV^) 

Fig. 4. Spin asymmetries AiY{e~) (left) and AiY(e'^) (right). Solid lines correspond 
to the SM predictions; the expected errors are shown assuming a luminosity of 125 pb“^ 
for each configuration of beam polarizations. Non-solid lines correspond to Cl scenarios 
with yl = 4 TeV and helicities as indicated [15] 

ture of contact interaction terms [15]. This is visualized in Fig. 4 vi^here the 
parity-violating spin-spin asymmetries in e*p scattering are shown for models 
with various types of contact terms and a mass scale of yl = 4 TeV. With an 
integrated luminosity of 125 pb'"’^ for each configuration of beam polarization, 
these models would be clearly distinguishable. 

2.2 Large Extra Dimensions 

In the usual contact term scenario one concentrates on interaction terms with 
mass dimension 6. Higher-dimension interactions are usually assumed to be less 
important, since they would be suppressed by a higher power of the ratio of the 
center-of-mass energy to the mass scale characterizing these interactions. Nev- 
ertheless it is interesting to study the effect of such terms, since models might 
exist where higher-dimensional interactions are the dominating deviation from 
the standard model framework. Recently, theories with large extra dimensions 
emerging in low-scale compactified string theories have been shown to constitute 
a viable alternative to the standard model [16]. A specific class of these theo- 
ries would predict deviations from standard model cross sections through the 
exchange of gravitons and their Kaluza-Klein excitations [17]. The effect can be 
described with the help of dimension 8 NC contact terms [18], but there would 
also exist completely new kinds of interactions like electron-gluon contact terms. 
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Fig. 5. Illustration of the effect of large extra dimensions on NC e~^p scattering at 
HERA [19] 



Figure 5 shows an example [19] for the effect of graviton exchange with two 
choices for the relative sign of the standard model and new physics amplitudes 
compared to the large-Q^ data from HI and ZEUS. The mass scale Ms of such 
theories are chosen in this example to saturate the 95 % CL limits: 543 (567) GeV 
for HI (ZEUS) data and A = +1 and 436 (485) GeV for A = —1. As discussed 
in [20] , with an integrated luminosity of 250 pb“ ^ for each of the following chan- 
nels: electron and positron scattering with left- and right-handed longitudinal 
polarization (i.e. lfb“^ in total), HERA could set limits slightly above 1 TeV 
and would thus be competitive with LEP2 (expected 1.1 TeV 95% CL limit), 
but slightly worse than the Tevatron (1.3 TeV). A future e‘*"e“ linear collider 
would be sensitive to mass scales above 4 TeV and the LHC can be expected to 
shift the corresponding limit to 6.0 TeV [20]. 



2.3 Leptoquarks 

Leptoquarks appear in extensions of the standard model involving unification, 
technicolor, compositeness, or R- parity violating supersymmetry. In addition to 
their couplings to the standard model gauge bosons, leptoquarks have Yukawa- 
type couplings to lepton-quark pairs, which allow for their resonant production 
in ep scattering. The generally adopted BRW-framework [21] is based on only a 
few assumptions concerning these Yukawa interactions, which lead to a rather 
restricted set of allowed states, and the branching fractions /3e for their decays 
to a charged lepton final state can only be 1, 0.5, or 0. States which can be 
produced in e+u or e+d scattering have j3g = I and for masses below 242 GeV 
they are excluded by Tevatron bounds [22]. 
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Renewed theoretical work on the phenomenology of leptoquarks (see [4] and 
references therein) was initiated by the observation of an excess of events at large 
X and large in the 1994-96 HERA e+p data, which showed that the BRW- 
framework may indeed be too restrictive. The crucial and least well motivated 
assumption there is that leptoquarks are not allowed to have other interactions 
besides their gauge and Yukawa couplings. In fact, most concrete models with 
leptoquarks do predict additional interactions, which may lead to decay modes to 
other than lepton-quark final states. This would be interesting, since for example 
the Tevatron bounds do not exclude leptoquarks with masses above 200 GeV in 
scenarios with branching ratios fie S 0.7 [3,23]. 

A few examples for more general scenarios have been discussed in detail in 
the literature. In Ref. [24] a model was proposed where two leptoquark states 
show mixing induced by coupling them to the standard model Higgs boson. Al- 
ternatively, interactions to new heavy fields might exist which, after integrating 
them out, could lead to leptoquark Yukawa couplings as an effective interaction 
[8], bypassing this way renormalizability as a condition, since this is assumed 
to be restored at higher energies. In the more systematic study of Ref. [23], LQ 
couplings arise from mixing standard model fermions with new heavy fermions 
with vector-like couplings and taking into account a coupling to the standard 
model Higgs. The most interesting extension of the generic leptoquark scenario 




Mlq (GeV) 



Fig. 6. Discovery limits for a scalar leptoquark at various collider experiments [27] 
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is, however, /ip-violating supersymmetry, which is discussed in the next subsec- 
tion. 

Searches at HERA [25] are essential to exclude such more general scenarios. 
Despite the strong dependence on the lepton-quark-LQ Yukawa coupling A, ex- 
clusion limits from HERA experiments cover much larger mass values for small 
A than those obtained from indirect searches at LEP2. Since the dependence 
on the branching ratio in more general scenarios can be reduced considerably 
by combining NC and CC data, HERA limits also supersede those from the 
Tevatron for small /?e. The most recent published limits from HI [6] take into 
account the finite width of LQ states and the interference of their production 
amplitude with the standard model background, both effects which turned out 
to be non-negligible for very large LQ masses. Scalar leptoquarks with masses up 
to 275 GeV and vector states up to 284 GeV are excluded at 95% CL for A = e 
[6]. Similar mass exclusion regions have been reported by ZEUS at recent confer- 
ences [26]. As shown in Fig. 6 [27], exclusion limits for the coupling A at the same 
LQ mass values can expected to be reduced by a factor of ~ 5 with 500 pb^'^ 
of e+p data. With this luminosity, limits on A for much larger LQ masses from 
HERA will also come close to the limits following from atomic parity violation 
experiments via the corresponding induced contact interactions. To further ex- 
tend the search to large LQ-masses and small Yukawa couplings, an increase of 
the center-of-mass energy of ep collisions (for example like at TESLA x HERA) 
would be essential. 



2.4 i2p-violatlng supersymmetry 

The Lagrangian of a supersymmetric version of the standard model may contain 
a superpotential of the form 

Wft, = XijkLiLjEl Jl. 

+X'^-p.LiQjDl (includes LQ-like couplings) (2) 

+\'X,U}Dpi $ 

Li and Qi are the superfields for lepton and quark doublets and £"?, Uf , Df the 
corresponding charge-conjugated ones for charged leptons, up and down quarks, 
respectively, and i, j, k are generation indices. The separate contributions in Wfi^ 
violate lepton or baryon number conservation as indicated. Imposing symmetry 
under R-parity (defined as Rp = [_q3S+l-i- 2S^ _ particles and = — 1 for 

their superpartners) forbids the presence of Wfi^ . The phenomenology of super- 
symmetry with Rp symmetry has been searched for at all present high energy 
experiments, and HERA may set interesting limits which are complementary to 
those obtained at the Tevatron [1]. 

Many low- and high-energy experiments put limits on the couplings con- 
tained in [28]; however, they do not forbid interactions of the form LiQjD^ 
proportional to Ab^, in general, provided the A7-^ are chosen to be zero at the 
same time. This makes squarks appear as leptoquarks which can be produced on 
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resonance in lepton-quark scattering. In contrast to the generic leptoquark sce- 
narios described above, squarks do not only decay into lepton-quark final states 
via their i?p-violating interactions, but they can also decay into final states in- 
volving gauge bosons or gauginos. These Tip-conserving decays lead to a large 
number of interesting and distinct signatures (see [29] and references therein).^ 
Characteristically one expects multi-lepton and multi-jet final states. Mass and 
coupling parameters of Tip-violating supersymmetry can be varied such that the 
branching ratio jie for the decay into final states with charged leptons becomes 
small. In this case, the strict mass limits from the Tevatron would not exclude 
the existence of squarks in the mass range accessible to HERA. In fact, searches 
at HERA have not found a signal, and bounds on some of the A' couplings have 
been derived from searches for the characteristic lepton -f multijet final states, 
which supersede previous exclusion limits [25]. 

Most of the analyses done so far assume that only one of the couplings AC^ 
is non-zero and only one squark state is in reach. A more general scenario with 
two light squark states has been considered in Ref. [31], where it was shown that 
ti-tR mixing would lead to a broader x distribution than expected for single- 
resonance production. The possibility of having more than one X[-f. ^ 0 was 
noticed in Ref. [32] and deserves more theoretical study. 

3 Events with Isolated /x -f pT,miss 

TTp-violating supersymmetry has also played a role in the search for explanations 
of the observation made by Hl^ of five events with an isolated fi and missing 
transverse momentum [5] (see also [33,34]). Events of this kind can originate 
from W production followed by the decay W —>■ /ifp. Their observed number 
is, however, larger than expected from the standard model taking into account 
next-to-leading-order corrections to the dominating resolved contribution from 
photoproduction [35]. Moreover, their kinematic properties are atypical for W 
production [33]. An explanation in terms of anomalous WW^ couplings addi- 
tionally has to face limits from the Tevatron, LEP2 and ZEUS [36] and leaves 
the question open why a similar excess of events is not seen in e -f /ij’ events. 

The observation oi (1 + f>T events could find an explanation in T?p-violating 
scenarios if it is assumed that a stop, i, is produced on-resonance at HERA. 
Figures 7 and 8 show examples for some of the possibilities. The process ed — > 
t -> (Fig' 7a), which predicts p, but no large '/>t in the final state in gross 
disagreement with the experimental observation, requires two different non-zero 
A' couplings [32]. The relevant product would induce flavor changing 

neutral currents and is therefore limited to small values for 1®* and 2"'^ generation 
quarks in the final state [40] . The analogous process with a r replacing the p but 
followed by the decay r pvri^ii could also not serve as an explanation, since 
the decay- /Li would be strongly boosted in the direction of the r, i.e. the missing 

^ Monte Carlo tools needed in searches for T?p-violating supersymmetry at HERA have 
been improved recently [30]. 

® No event of this type was observed by ZEUS [36]. 
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Fig. 7. Possible decays of squarks produced in e'^d scattering with /Jp- violating cou- 
plings leading to isolated q -|- jet final states: (a) fidk through X' 2 jk ^ Oj (b) 

t — > bW followed by 6 — > yd via Ajai ^ 0 and VK or VF 2 jets [37], 



b b 




Fig. 8. Possible decay chains of the stop leading to isolated muon -f jet -f missing pT'- 
bxf followed by (a) [38]; (b) ->■ y^q+y [39], 



transverse momentum would be correlated with the observed p in contrast to 
the kinematic properties of the HI events. Moreover, hadronic decays of the r 
would lead to an additional outstanding experimental signature, and a search 
for it at HI was negative [6]. 

The scenario shown in Fig. 7b [37] requires a relatively light b squark with 
mj ^ 120 GeV, and some fine-tuning in order to avoid too large effects on Ap in 
electroweak precision measurements. It could be identified by the simultaneous 
presence of final states with and multi-jets from hadronic decays of the W. 
Also the cascade decay shown in Fig. 8a [38] involving 77p-violation only for the 
production of the i resonance, not for its decay, seems difficult to be achievable, 
since it requires both a light chargino and a long-lived neutralino. This, as well 
as the even more speculative process shown in Fig. 8b [39], which requires Rp- 
violation in the LiLjE^ sector (A,j* 0) as well, can be checked from the event 

kinematics: assuming a value for the mass of the decaying t, the recoil mass 
distribution must cluster at a fixed value, the chargino mass. 

These speculations on a possible origin of the observed events within Rp- 
violating supersymmetry are all linked to the presence of an excess of events 
in NC scattering. The basic assumption is that a squark, preferably a stop, is 
produced on-resonance; non-resonant stop production would be too much sup- 
pressed. Another type of explanation not relying on this assumption was pro- 
posed in Ref. [41]. Events of the observed type could emerge after the production 
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of a single top quark followed by the decay chain t — >• bW and W The 

cross section of SM top production would be much too small to explain the 
number of observed events, but the presence of a coupling of the type of an 
anomalous-magnetic moment inducing the transition c ^ i could enhance the 
cross section considerably. However, the event rate would be still too small un- 
less a non-standard large a;-behavior of the charm distribution would be present, 
in addition. This scenario thus requires to open two new fronts of non-standard 
physics. 



4 Concluding remarks 

There are many scenarios of new physics which are most suitably searched for 
with the help of deep inelastic scattering experiments. Limits on leptoquark of 
squark masses and their Yukawa or H-parity violating couplings obtained at 
HERA will stay superior to those from other experiments in many cases. 

The search for new physics effects relies in most cases on trustworthy pre- 
dictions from the standard model. In deep inelastic scattering this includes the 
necessity to know parton distribution functions as precisely as possible. It is 
therefore a mandatory though nontrivial task to combine the information from 
all available different experiments in order not to run the risk of confusing mod- 
ifications of parton distributions with signs of new physics. With this in mind, 
the huge amount of data expected from HERA experiments in the future is 
guaranteed to play an indispensable role in the search for new physics — even in 
those cases where the most stringent limits are obtained at other experiments. 
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